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PREFACE 


This  report  presents  the  results  of  an  analysis  of  the  feasibility 
using  microwave  energy  for  deicing  helicopter  rotor  blades.  The  program  was 
conducted  by  Mechanics  Research,  Inc.,  Electronic  Systems  Division,  under 
contract  DAAJ02-75-C-0042  to  the  Eustis  Directorate,  U.S.  Army  Air  Mobility 
Research  and  Development  Laboratory  (USAAMRDL),  Fort  Eustis,  Virginia.  The 
technical  monitor  of  the  project  for  USAAMRDL  was  Mr.  G.  Birocco.  The 
Mechanics  Research,  Inc.,  program  was  under  the  direction  of  Mr.  B. 
Magenheim,  Project  Manager.  Personnel  contributing  to  the  program  included 
Messrs.  F.  Hains  and  L.  Withers. 
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SUMMARY 


The  purpose  of  this  analysis  was  to  determine  the  feasibility  of 
deicing  helicopter  rotor  blades  with  microwave  energy.  The  major  benefits 
sought  were: 

• Low  Power  Consumption 

• Low  Weight 

• Low  Cost 

• High  Reliability 

• High  Maintainability 

These  benefits  are  not  to  be  gained  at  the  expense  of  any  countermeasure 
goals. 

It  is  believed,  on  the  basis  of  this  analysis,  that  the  deicing 
of  helicopter  rotor  blades  with  microwave  energy  is  feasible  and  the 
major  goals  listed  above  are  achievable.  A summary  of  the  expected  results 
is  presented  in  the  following  table.  This  sunmary  indicates  potentially 
significant  improvements  in  the  state  of  the  rotor  blade  deicing  art. 

Summary  of  Findings  - Microwave  Deicer  for 
UH-1  Helicopter  Rotor  Blades 


OPERATING 

FREQUENCY 

RECURRING 

COST 

incremental! 

WEIGHT 

PRIME  POWER 
CONSUMPTION 

2,450  MHz 
5,850  MHz 
22,125  MHz 

< $10,000 
$10,000 
< $16,000 

35.5  lbs. 
51  lbs. 
49  lbs. 

< 1500  Watts 

< 1500  Watts 

< 2000  Watts 

’"IncreiViental  weight"  means  the  weight  increase  above  the  basic  weight  of 
a UH-1  with  no  rotor  blade  deicing.  It  includes  a weight  savings  due  to 
the  replacement  of  the  existing  heavy  metallic  erosion  shield  with  a 
lightweight  dielectric  deicer  boot  that  will  function  adequately  as  an 
erosion  shield 

\ 
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THE  CONFIGURATION  AND  THE  RELIABILITY  AND  miNTAiriABILITY  OF  THE  MICROWAVE 
DEICER 


A block  diagram  and  the  preliminary  illustrations  of  the  micro- 
wave  deicer  are  shown  in  Figures  51  through  69.  The  deicer  boot  is  seen 
to  be  nothing  more  than  a highly  erosion-resistant  dielectric  layer  with 
suitable  microwave  couplers  that  can  be  placed  either  at  the  root  or  tip 
end  of  the  blade.  The  simplicity  of  the  design  will  translate  into 
increased  reliability  and  maintainability. 

Initial  designs  do  not  anticipate  any  sophisticated  controllers. 
It  is  expected  that  there  will  be  no  need  for  zone  cycling  as  in  thermal 
deicers.  It  is  believed  that  the  power  economy  and  deicing  sequence 
achieved  with  cyclic  electro  thermal  deicers  are  achieved  inherently  in 
the  microwave  deicer.  A sequencer  may  be  desirable  that  v/ould  periodically 
turn  the  microwave  generator  on  and  off  during  deicing  and  would  be  con- 
tained v/ithin  the  tube  power  supply. 

With  the  exception  perhaps  of  the  feeder  (waveguide  mounted  in 
the  transmission  shaft)  and  deicer  boot,  all  parts  are  field  replaceable. 
All  electronics  are  particularly  unsophisticated  and  can  be  trouble-shot  in 
the  field  with  minimal  training. 

MICROWAVE  DEICER  BOOT  EROSION  RESISTANCE  AND  DIELECTRIC  PROPERTIES 

Section  2.0  identifies  dielectric  materials  which  satisfy  the 
dual  requirements  of  providing  satisfactory  dielectric  properties  and  the 
necessary  sand,  dust  and  rain  erosion  resistance.  In  particular,  atten- 
tion is  directed  to  the  dielectric  "alumina",  a material  exhibiting  the 
required  dielectric  properties  and  one  which  has  been  used  routinely  as 
an  erosion  shield  for  propellers.  This  material,  perhaps  in  combination 
with  high  molecular  weight  polyethelene,  should  provide  erosion  shields 
equivalent  to  or  better  than  nickel  at  a considerably  lower  weight  penalty. 
The  rain  erosion  characteristics  of  Alumina,  Lennite,  Polyurethane  and 
Nickel  are  analyzed  in  Section  2.0  and  significant  results  are  presented 
in  Figures  17,  18  and  19. 


COUNTERMEASURE  CONSIDERATIONS 
Detectability 

In  general,  deicers  are  seldom  on:  they  are  turned  on  during 

icing  conditions  only  and  then  only  at  the  discretion  of  the  pilot.  Any 
radiation  from  the  microwave  deicer  will  be  unintentional.  The  design 
will  be  such  as  to  eliminate  or  minimize  radiation.  All  attempts  will  be 
made  to  insure  that  the  rotor  is  not  a good  antenna.  All  these  measures 
will  be  combined  to  produce  low  probability  of  intercept  by  a high  gain, 
scanning,  eneiny  receiver. 


Climatic  conditions  that  exist  when  icing  occurs  are  the  same 
as  those  that  provide  some  attenuation  of  microwave  signals.  In  addition, 
deicers  that  operate  at  22,125  fiHz  fall  in  the  o>o'gen  water- vapor  absorp- 
tion bands,  where  any  leakage  signal  will  undergo  heavy  attenuation, 
practically  eliminating  the  probability  of  intercept. 

Radar  Cross-section 

There  will  be  no  effect  on  the  radar  cross-section  in  the  case 
of  metal  rotor  blades.  Some  investigators  believe  that  coating  parts  of 
the  metal  blade  with  dielectrics  will  reduce  the  radar  cross-section  if 
done  properly. 

In  the  case  of  composite  blades,  since  the  dielectric  deicer 
boots  can  be  made  by  design  to  be  transparent  they  will  permit  the  utiliza- 
tion  of  many  of  the  radar  cross-section  reduction  techniques  contemplated 
and  discussed  in  the  literature. 


RECOMMENDATIONS 


Initiate  a program  that  will  result  in  a microwave  deicer  pro- 
totype suitable  for  flight  testing.  This  will  include  the  following 
phased  tasks: 

1)  Demonstrate  performance  of  surface  v/aveguides  in  the 
laboratory  by  building  and  testing  experimental  sur- 
face waveguides  as  defined  in  Task  la.  Appendix  C. 

2)  After  successful  design  of  the  experimental  surface 
waveguides,  use  them  to  demonstrate  the  shedding  of 
statically  grown  ice  layers  in  the  laboratory  as 
described  in  Task  2a  of  Appendix  C. 

3)  After  successful  completion  of  Task  2a,  use  the  ex- 
perimental surface  waveguides  to  shed  droplet  impact 
ice  loaded  by  centrifugal  force  in  a whirling  arm 
experiment  validating  the  power  requirement  predic- 
tions of  Section  3.  Tests  are  described  in  Task 
2c,  Appendix  C. 

4)  Enter  into  a full  scale  microwave  deicer  prototype 

development  program  resulting  in  a microwave  deicer 
for  full  scale  flight  testing.  The  prototype  should 
be  capable  of  retrofitting  existing  helicopters  as 
well  as  for  use  in  future  helicopters. 

EXPERIMENTAL  FREQUENCIES 

It  is  recommended  that  initial  experimental  frequencies  be  close 
to  22,125  MHz.  This  will  permit  experimental  establishment  of  feasibility 
as  well  as  take  advantage  of  existing  microwave  distribution  hardware  de- 
veloped originally  for  helicopter  rotor  radar  and  described  in  Section  7, 
as  well  as  existing  tube  technology.  Conclusions  drawn  at  this  frequency 
are  applicable  to  other  frequencies  as  well. 
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SECTION  1 

INTRODUCTION  TO  THE  MICROWAVE  DEICING  CONCEPT 


The  basic  concept  studied  in  this  feasibility  analysis  is  the 
use  of  a surface  waveguide,  composed  of  a thin  layer  of  a stable  dielec- 
tric material  that  has  approximately  the  same  dielectric  constant  as  ice, 
for  deicing  the  surface  to  v/hich  it  is  applied  (Figure  1). 

In  the  ice-free  condition,  microwave  power  injected  into  the 
surface  waveguide  will  propagate  down  the  dielectric  slab,  with  relatively 
little  loss  of  power,  by  successive  reflections  off  its  boundaries  in  what 
has  been  termed  a "trapped  mode".  This  requires  that  the  angle  of  inci- 
dence of  the  microwaves  on  the  air-dielectric  interface  exceed  the  critical 

angle,  0 , for  total  reflection.  As  layers  of  ice  begin  to  form  on  the 
c 

dielectric  surface,  they  will  have  the  effect  of  thickening  the  surface 
waveguide  so  that  microwave  energy  will  be  able  to  penetrate  the  ice  layer 
and  be  totally  reflected  at  the  ice-air  interface  (Figure  1).  The  ice 
layers  containing  the  microwave  energy  will  be  subject  to  dielectric  heat- 
ing by  dissipation  of  the  microwave  energy  and  will  experience  a tempera- 
ture rise.  Only  the  ice  will  experience  appreciable  heating,  the  ice 
itself  providing  the  mechanism  for  converting  microwave  energy  to  heat. 

In  the  conventional  thermal  deicing  system,  electrical  energy  is  converted 
to  heat  in  resistive  heater  pads  that  line  the  entire  leading  edge  of  the 
rotor  blade;  the  entire  leading  edge  of  the  blade  is  heated,  including 
portions  where  there  may  not  be  any  ice. 

The  high  efficiency  of  the  microwave  deicer  depends  upon  the 
following  considerations: 

1)  The  microwave  technique  provides  a means  of  efficiently 
directing  energy  only  to  the  existing  ice.  The  blade 
itself  is  not  heated.  If  there  is  no  ice,  there  will  he 
only  minor  heating  of  the  blade. 

2)  The  motion  of  the  blade  produces  significant  aerody- 
namic heating  of  the  ice  and  the  blade,  particularly 
near  the  tip. 
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Molecular  Ice 


£q  = dielectric  constant  of  air 
= dielectric  constant  of  ice 
G-|  = dielectric  constant  of  dielectric  layer 
d^  = thickness  of  dielectric  layer 
^2  = thickness  of  ice  layer 


Figure  1.  Guidance  of  microwave  energy 
by  composite  ice- dielectric  surface  waveguide 
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3)  The  large  centrifugal  force  exerted  on  the  ice  layers 
provides  a significant  energy  source  tending  to  dis- 
lodge the  ice.  Even  with  aerodynamic  heating,  however, 
this  force  is  insufficient  to  break  the  ice  adhesion 
bond  but  becomes  sufficient  upon  the  application  of 
relatively  small  quantities  of  microwave  energy. 

4)  The  use  of  hard,  smooth,  erosion-resistant  dielectric 
coatings,  such  as  Alumina,  significantly  reduces  the 
strength  of  the  ice  adhesion  bond,  resulting  in  lower 
microwave  power  requirements. 

5)  Microwave  heating  is  very  rapid  and  is  localized  to  the 
vicinity  of  the  adhesion  layer.  The  rate  at  which  the 
ice  is  heated  can  be  controlled  by  pulsing.  The  loss  of 
heat  by  conduction  is  a relatively  slow  process  so  that 
there  is  a very  rapid  net  gain  in  heat. 

The  estimate  of  prime  power  requirements  to  shed  ice  on  two  UH-1 
rotor  blades,  based  upon  the  above  assumptions,  is  computed  in  Sect'on  3 
and  is  illustrated  in  Figure  2,  where  it  can  be  seen  to  be  an  order  of 
magnitude  less  than  that  required  by  an  equivalent  thermal  deicer. 

An  additional  consideration  that  will  improve  the  deicing  effi- 
ciency is  the  shape  of  the  power  density  curve  of  the  microwave  mode.  Many 
modes  may  exist  on  the  surface  waveguide.  In  Section  2,  two  modes  (the 
TE^  and  TM^  modes)  are  identified  as  being  particularly  advantageous.  A 
cross-section  of  the  surface  waveguide  with  various  thicknesses  of  ice, 
showing  the  power  density  versus  ice  accretion,  is  illustrated  in  Figures 
3 and  4 for  the  TE^  and  TM^  modes  respectively.  As  can  be  seen  from  these 
figures,  both  of  these  modes  are  only  loosely  bound  to  the  surface  guide 
when  no  ice  layer  exists;  e.g.,  most  of  the  energy  contained  in  the  mode  is 
propagated  in  the  air  region  immediately  adjacent  and  parallel  to  the  sur- 
face guide.  This  loose  binding  accounts  for  the  low  attenuation  constant 
exhibited  by  these  modes  when  no  ice  exists.  As  the  ice  layers  accumulate, 
thickening  the  surface  guides,  the  modes  become  more  tightly  bound  with 
larger  fractions  of  the  power  being  propagated  within  the  composite  ice- 
dielectric  surface  guide.  Under  these  conditions  the  attenuation  constant, 
the  energy  dissipated  per  inch,  rises  rapidly,  the  major  portion  of  energy 
being  dissipated  in  the  ice,  which  has  a higher  loss  tangent  than  the  stable 
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Prime  power  req^uired  rrora  aircraft  electrical  system 


Prime  Power  to  Microwave  Power 
Conversion  Effiriency 


Figure  2.  Estimated  prine  power  required  to  shed  ice 
on  two  UH-1  rotor  blades 


inches  inches 

(Note:  ordinate  of  each  graph  is  normalized  pov.<er  density) 

Figure  4.  Calculated  power  density  versus  ice  accretion 
on  a dielectric  surface  waveguide,  TH  mode  (f  = 5,850  MHz) 


dielectric  substrate.  An  illustration  of  the  rapid  increase  in  attenuation 
with  ice  accretions,  as  calculated  in  Section  3,  is  shown  in  Figures  5 and 
6 for  the  TE^  and  TM^  modes  respectively. 

The  TE-|  mode  has  another  interesting  characteristic  v/hich  should 
be  noted.  From  Figure  3 it  can  be  seen  that  when  no  ice  exists,  the  power 
density  reaches  a peak  just  inside  the  dielectric  to  air  interface.  As 
the  ice  accumulates,  this  peak  moves  into  the  ice  layers  but  stays  close 
to  the  ice  adhesion  bond.  This  mode  may  thus  be  used  to  direct  microwave 
energy  primarily  to  the  dielectric  regions  containing  the  dielectric  to 
ice  interface,  having  the  effect  of  rapidly  heating  the  interface  causing 
the  ice  to  shed  more  quickly  than  otherwise. 
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SECTION  2 

PHASE  I - SURFACE  HAVEGUIDES 


QUALITATIVE  DISCUSSION  OF  SURFACE  WAVEGUIDES 

Most  readers  are  probably  familiar  with  rectangular  or  coaxial 
waveguides;  these  structures  are  formed  from  closed,  cylindrical  metal 
tubes.  Probably  fewer  readers  are  familiar  with  surface  v/aveguides,  which 
are  open  boundary  structures  capable  of  guiding  an  electromagnetic  wave 
along  a surface.  These  structures  are  capable  of  supporting  waves  which 
are  intimately  bound  to  the  surface  of  the  structure,  the  wave  propagating 
in  a direction  parallel  to  the  surface  with  relatively  little  loss;  hence 
it  is  named  a surface  waveguide.  The  fields  are  characterized  by  an  ex- 
ponential decay  in  the  direction  normal  to  the  surface. 

There  are  many  surface  structures  which  are  capable  of  supporting 
surface  waves;  some  are  illustrated  in  Figure  7.  This  study  has  placed 
emphasis  on  the  dielectric  slab  and  dielectric-coated  metal  plane  surface 
waveguide  (a,  b and  f,  Figure  7)  simply  because  they  appear  to  be  compatible 
with  the  kinds  of  surfaces  and  shapes  encountered  on  metal  or  composite 
helicopter  rotor  blades.  Other  structures  illustrated  in  Figure  7 behave 
in  a similar  manner  and  may  have  other  deicing  applications. 

A very  satisfying  physical  view  of  dielectric  slab  surface  waves 
is  given  in  Figure  1.  Wave  propagation  in  a dielectric  slab  requires  that 
the  angle  of  incidence  of  the  propagating  wave  on  the  air-dielectric  inter- 
face exceed  the  critical  angle.  While  this  point  of  view  is  correct  and 
may  be  made  to  give  exact  quantitative  relationships,  it  is  more  convenient 
to  describe  these  surface  waves  as  wave  solutions  to  Mexv-zell's  equations. 
This  mathematical  treatment,  which  is  used  here,  is  presented  in  Appendix  A. 

Many  modes  of  propagation  may  exist  in  dielectric  slab  lines. 

The  reader  interested  in  the  general  treatment  of  these  modes  is  referred 
to  Appendix  A and  References  1 and  2.  Modes  of  propagation  identified  in 

^R.  Collin,  Field  Theory  of  Guided  Waves,  New  York:  McGraw-Hill,  1960. 

2Ramo,  Whinnery  and  Van  Duzer,  Fields  and  Waves  in  Communication  Elec- 
tronics, New  York:  John  Wiley  & Sons,  IDGS. 
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this  stucjy  as  being  of  interest  to  deicing  helicopter  rotor  blades  are  the 
TM  , TM,  TE  and  TE,  modes,  the  field  amplitudes  of  which  are  illustrated 
in  Figure  8.  The  left  column  of  Figure  8 illustrates  amplitudes  of  the 
mode  fields  in  the  dielectric  slab  line  while  the  right  column  illustrates 
them  on  dielectric  coated  metal  planes.  It  is  noted  from  the  right  hand 
column  that  the  presence  of  the  metal  surface  suppresses  the  TM^  and  TE^ 
modes  since  these  modes  require  a finite  value  of  tangential  electric 
field  strength  at  the  metal  surface. 

The  direction  of  propagation  of  the  wave  is,  by  convention,  always 
in  the  z direction,  as  indicated  by  the  rectangular  coordinates  on  the  left 
side  of  Figure  8.  The  x direction  is  always  normal  to  the  slab,  and  the  y 
direction  parallel  to  the  slab.  The  x-y  plane  is  always  the  transverse 
plane. 

It  should  be  noted  from  Figure  8 that  evanescent  fields  exist  out- 
side the  dielectric  that  decay  exponentially  away  from  it  in  the  x direction, 
there  being  no  flow  of  power  in  this  direction.  Not  all  of  the  energy  propa- 
gating in  the  z direction  is  trapped  within  the  dielectric;  some  power  flow 
takes  place  in  the  air  adjacent  and  parallel  to  the  dielectric  in  the 
evanescent  fields. 

A loosely  bound  surface  wave  is  one  in  which  more  energy  flows  in 

the  air  region  than  in  the  dielectric  region,  whereas  a tightly  bound  wave 

is  one  in  which  more  energy  is  trapped  in  the  dielectric  than  in  the  air. 

Loosely  and  tightly  bound  waves  are  illustrated  in  a and  h,  respectively, 

of  Figure  3 for  TE^  modes  and  a and  h of  Figure  4 for  TM^  modes.  Figures 

3 and  4 are  computer  generated  plots  of  the  power  flow  densities  of  the 

TE,  and  TM  modes  as  functions  of  dielectric  thickness  (see  Equations  A-2, 

1 0 

A-4,  A-10  and  A-12  of  Appendix  A).  In  loosely  bound  waves  (Figure  3(a)), 
since  most  of  the  energy  flow  takes  place  in  the  air  where  there  is  little 
if  any  dissipative  loss,  the  attenuation  constant  is  low.  As  the  dielectric 
thickens,  the  wave  becomes  tightly  bound  (Figure  3(h)),  and  most  of  the 
energy  flow  is  trapped  in  the  dielectric  where  dissipation  may  occur,  de- 
pending upon  the  loss  tangent  of  the  dielectric.  Under  these  conditions, 
the  attenuation  constant  is  high.  Thus,  as  the  dielectric  thickens,  the 
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SURFACE  WAVE  SURFACE  WAVE 

FOR  TRANSPARENT  SURFACES  FOR  OPAQUE  SURFACES 


Figure  8.  Possible  modes  of  propagation  of 
surface  guided  waves  in  dielectric  slabs 

(Electric  and  magnetic  field  strength 
symbols  defined  in  table  of  symbols) 


attenuation  increases  rapidly  from  very  low  values,  leveling  off  at  a very 
high  value  (illustrated  in  Figures  9 through  14)  as  the  wave  becomes  almost 
totally  trapped.  The  curves  of  Figures  9 through  14  were  derived  with 
analytical  techniques,  developed  in  Appendix  A,  which  permit  the  computa- 
tion of  the  attenuation  constant  as  a function  of  dielectric  thickness, 
loss  tangent  and  frequency. 

Illustrations  of  the  field  configurations  for  the  TM^  and  TE^ 
modes  in  a dielectric-slab  surface  guide  are  given  in  Figure  15.  These 
are  obtained  directly  from  Equations  A-2,  A-4,  A-10  and  A-12  (Appendix  A) 
and  show  the  evanescent  fields  which  exist  in  the  air  adjacent  to  the 
dielectric  and  which  transmit  much  of  the  energy  v;hen  the  waves  are  loosely 
bound.  These  fields  tend  to  collapse  as  the  dielectric  thickens  and  the 
wave  becomes  tightly  bound. 

Cut-Off  Properties  of  Surface  Waveguides 

The  cut=off  frequencies  of  all  of  the  modes  in  a surface  wave- 
guide are  found  using  Equation  A-28.  Unlike  rectangular  waveguides,  the 
lowest  ordered  modes,  the  TM^  and  TE^,  have  no  low  frequency  cutoff.  All 
higher  modes  have  cut-off  frequencies  below  which  no  propagation  can  occur. 
The  required  thickness  of  the  base  dielectric  is  a function  of  mode,  fre- 
quency and  dielectric  constant.  Ideally  all  microwave  frequencies  may 
find  use  but  2.45,  5.85  and  22  GHz  have  been  designated  by  the  FCC  for 
heating  and  are  non- interfering  and  therefore  of  interest  to  deicing. 

The  required  thickness  of  dielectric  to  permit  the  propagation  of  the  TE^ 
mode  at  these  frequencies  is  given  ir.  Figure  16  as  a function  of  dielectric 
constant. 

A QUANTITATIVE  DESCRIPTION  OF  SURFACE  HAVES  AND  WAVEGUIDES 

Basic  surface  waveguide  theory  is  developed  in  Appendix  A.  This 
appendix  also  identifies  the  field  equations  of  the  four  modes  of  propaga- 
tion in  a dielectric-slab  surface  waveguide,  the  TM^,  TM^ , TE^  and  TE.j  modes. 
From  these  field  equations,  the  power  transfer  and  attenuation  equations  are 
developed. 
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Figure  9.  Attenuation  versus  thickness  of  dielectric  for  TM  even  mode, 

f = 2,450  MHz 
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Figure  12.  Attenuation  versus  thickness  of  dielectric  for  TE  odd  mode 

f = 5,850 


T£10  (Oecibcls  Per  Inch) 


d( inches) 


Figure  14.  Attenuation  versus  thickness  of  dielectric  for  TE  odd  mode 

f = 22,125  MHz 


TMq  mode 

DIRECTION  OF 
PROPAGATION 


O I 


/ o ' : ! • r [ I-  I o. 

/«,  \o " 


/ » 
✓ / 


TE^  MODE 

DIRECTION  OF 
PROPAGATION 


, <8,  , Electric-field  lines 

’.o’.  X Magnetic-field  lines 


Figure  15.  Electric  and  magnetic  field  lines  for  the 
TM^  and  TE^  modes  in  dielectric-slab  surface  waveguides 
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Figure  16.  Cutoff  thickness  versus  dielectric  constant  for  TE-j  mode 

N 
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Using  these  equations,  a computer  program  was  developed  that  com- 
putes the  following  parameters,  completely  describing  surface  waveguide  be- 
havior. 


TABLE  1.  SURFACE  WAVEGUIDE  PARAMETERS 


1 

Propagation  Constant 

^z 

2 

Transverse  field  eigen  values 

Inside  dielectric 
Outside  dielectric 

•^x 

3 

Attenuation  Co.;stant 

a 

4 

Cut-off  frequency 

fc 

5 

Ratio  of  power  transmitted 
inside  to  outside  dielectric 

Pr 

6 

Guide  Wavelength 

^g 

7 

Free  space  wavelength 

^0 

8 

Wavelength  in  dielectric  1 

Xi 

9 

Wavelength  in  dielectric  2 

^2 

The  program  was  used  to  perform  the  following  tasks: 

1)  Examination  of  parameters  of  Table  1 over  the  follow- 
ing range  of  surface  waveguides: 

• Frequency  f:  f^.  1 f £ (f^.  + 40  GHz) 

f^  = cut-off  frequency  of  guide 

• Slab  Thickness  d:  0.025^^  1 d £ 0.5^^ 

• Dielectric  Constant  e-j:  1-5  £ e-|  9.0 

• Loss  Tangent:  .01  ^ tan6  ^ .0001 

2)  Examination  of  the  parameters  of  Table  1 in  the  fre- 
quency bands  presently  assigned  to  microwave  ovens  by 
the  FCC,  2450  MHz,  5850  MHz  and  22,  125  MHz,  for  the 
same  values  of  slab  thickness,  dielectric  constant 
and  loss  tangent  as  in  Task  1. 
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3)  Examination  of  the  attenuation  characteristics  of  the  TM 

and  TE]  mode  for  a three  dielectric  layer  surf'ce  v/ave- 
guide  model  in  which  the  loss  tangent  of  each  layer  is 
different:  the  bottom  layer  being  the  base,  low  loss 

layer;  the  middle  layer  representing  a thin  erosion  pro- 
tection coating  when  required  (such  as  polyurethan) ; and 
the  top  layer  being  the  ice.  The  results  of  this  program 
are  presented  graphically  in  Figures  27  through  44.  It 
was  assumed  that  the  dielectric  constant  (real  part)  was 
the  same  for  each  layer.  This  program  thus  permits  the 
computation  of  the  microv/ave  power  dissipated  in  each 
layer,  including  the  ice  layer. 

4)  Generation  of  plots  of  the  pov;er  density  of  the  TMq  and 
TE-j  modes  as  functions  of  dielectric  thickness. 

Th^se  plots  are  illustrated  in  Appendix  F for  2450  MHz, 

5850  MHz,  and  22,125  MHz,  and  demonstrate  the-  unique 
property  of  the  TEi  mode  of  reaching  a maximum  close  to 
the  surface  of  the  guide  where  the  ice  layers  will  adhere. 
It  was  in  such  plots  that  this  property  was  first  identi- 
fied. The  plots  can  be  utilized  to  determine  the  degree 
of  binding  of  the  surface  wave. 

DIELECTRIC  MATERIALS  FOR  SURFACE  WAVEGUIDES  AND  ROTOR  BLADE  EROSION  SHIELDS 


The  dielectric  material  for  use  in  the  microwave  deicer  boot  must 
satisfy  the  dual  requirements  of  providing  satisfactory  dielectric  properties 
and  resistance  to  sand,  dust  and  rain  erosion. 

Dielectric  Properties  of  Candidate  Materials 

A summary  of  the  dielectric  properties  of  candidate  materials  is 
given  in  Table  2.  Low-loss  surface  waveguides  can  be  constructed  from  all 
of  the  materials  listed.  Polyurethane  is  included  because  of  its  possible 
use  as  an  erosion  coating  for  other  materials.  Alumina  can  be  used  as  a 
surface  waveguide  by  itself  or  possibly  as  an  erosion  coat  for  otiier  materials 
to  which  it  IS  applied.  Thirteen  possible  combinations  of  candidate  materials 
are  listed  in  Table  3. 
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TABLE  2 


CANDIDATE  DIELECTRIC  MATERIALS  FOR  USE  IN  SURFACE  WAVEGUIDES 


KMERIAL 

1 

HFR'S. 

OESCRIP- 

IIOR 

TRADE 

NAME 

REF. 

1 

1 MHz 

1 GHz 

3 GHz 

10  GHz 

25  GHz 

MANUFACTURER 

Polyethelene 

1 

Irradiated 

Polyguide 

3 

2.320 

B 

2.3205 

2.3215 

B 

Elcctronized 

(Polyolefin) 

High  Don- 

ten4 

.0002 

0.00021 

.0005 

Chemical 

1 

sity  Poly- 
olefin 
Laminate 

1 

■ 

Corp. 

1 

□ 

2.26 

B 

2.26 

B 

1 

H 

tan$ 

<.0002 

a 

0.00031 

H 

IH 

H 

C| 

2.3 

2.3 

Hi 

B 

B 

B 

tans 

<0.0003 

0.0003 

B 

H 

H 

1 

U1tra>Migh 

Lcnnite 

6 

C 1 

2.3 

.. 

.. 

Hestlalce 

I 

Molecular 

tans 

<.0002 

-- 

-- 

-- 

-- 

Plastics 

H 

Weight 

11 

Polyethe- 

1 

lcne{PoIy- 

olefin) 

Quartz 

1 

High 

Alpha 

B 

B 

^^H 

2.93 

.. 

Alpha 

H 

Quartz  Fi- 

Quartz 

tans 

0.00098 

-- 

Associates 

ber  Sili- 
cone Resin 
Lamiiiste 

1 

■ 

1 

B 

Fuzed 

B 

tins 

3.78 

3.78 

3.78 

3.78 

3.78 

6 

Quartz 
loot  SjO^ 

■■ 

1 

.0001 

.0002 

.00006 

.0001 

.00025 

- 

Polyurethane 

Polyuro- 

Astro- 

8 

< 1 

,, 

3.16 

B 

Olin 

7 

thane 

Coatings 

Coat 

tans 

•• 

■■ 

0.059 

■ 

Maihison 

■ 

■■■ll 

B 

t 1 

5.8 

■Mjjl 

BB 

B 

B 

tans 

•• 

H 

H 

fiberglass 

Epoxy 

5 

Cj 

•1.4 

4.35 

B 

B 

Laminates 

9 

Glass 

Laminates 

•• 

tans 

.022 

.019 

B 

■ 

H 

Silicone 

5 

c. 

4.2- 

■^H 

^HB 

10 

Glass 

.. 

tans 

.002 

4.3 

^H^B 

^HH 

.. 

Laminates 

.005- 

.004 

WM 

Hi 

H 

0-Glass 

9 

vC, 

3.56 

B 

4.0 

B 

Owens 

11 

Fiber 

i 

tans 

.0005 

■ 

B 

.003 

■ 

Corning 

E-GIass 

9 

C, 

6.33 

B 

||H||| 

6.1 

B 

Owens 

1^ 

-- 

» iber 

& 

tans 

.001 

.006 

Corning 

5 

H 

h^H 

H 

S4S2 

9 

c, 

5.34 

B 

Hi 

5.3 

B 

Owens 

13 

-- 

Glass 

4 

tans 

.002 

.007 

Corning 

Fiber 

5 

H 

B 

H 

E-Glass 

B 

C| 

■fl 

B 

MM 

B 

Owens 

14 

" " 

Silirone 

Resin 

tana 

H 

■ 

B 

H 

Corning 

■ 

n-r.ioss 

€ 1 

B 

3.6 

B 

Owens 

15 

■■ 

Silicone 

Resin 

1 

tans 

B 

■ 

B 

.002 

■ 

Corning 

Ceramics 

16 

Aluminifn 

Alumina 

9.4 

B 

■^H 

8.9 

Oxide 

Alismag 

D 

tans 

.0001 

.0001 

AL^Oj 

HI 

B 

H 

Alumina 

8.8 

B 

8.79 

B 

B 

4 

tans 

.00033 

H 

.001 

H 

H 

Alumina 

M 

Cl 

8.6 

B 

^HH 

H 

8.6 

Saphi re 

Bl 

tans 

<0CI 

.001 

Ilf! 

■ 

BB 

H 

I 
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TABLE  3. 


CANDIDATE  MATERIALS  WITH  AND  WITHOUT  EROSION  COATS 


(a)  (b)  (c) 


1 

Ultra-High  Molecular 
Weight  Polyethelene 
Erosion  Coat 

With  12  Mil 
Polyurethane 
Erosion  Coat 

With  Alumina 
Erosion  Coat 

2 

Irradiated,  High- 
Density  Polyolefin 
Laminate  Polyguide 

With  12  Mil 
Polyurethane 
Erosion  Coat 

With  Alumina 
Erosion  Coat 

3 

High  Quartz  Fiber 
Silicone  Resin  Lami- 
nate - Alphaquartz 

With  12  Mil 
Polyurethane 
Erosion  Coat 

With  Alumina 
Erosion  Coat 

4 

Glass  Laminate 
Silicone  Resin 
Fiberglass 

With  12  Mil 
Polyurethane 
Erosion  Coat 

With  Alumina 
Erosion  Coat 

5 

Alumina 

Aluminum  Oxide 

— 

— 

1 
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Erosion  Properties  of  Candidate  Materials 


The  non-metallic  materials  that  possess  suitable  dielectric  char- 
acteristics for  a microwave  deicer  may  also  be  susceptible  to  erosion 
damage  from  rain,  sand  or  dust.  It  is  therefore  necessary  to  select  a 
coating  that  not  only  has  the  required  electrical  properties,  but  is  also 
erosion  resistant  and  can  serve  as  a protective  coating  for  the  substrate. 

Three  promising  candidate  materials  were  identified:  Alumina, 
Lennite  and  Polyurethane.  Lennite  is  the  trade  name  for  a new,  high 
molecular  weight  polyethylene  manufactured  by  Westlake  Plastics  Corporation 
Lennite  is  expected  to  perform  better  than  nickel  in  sand  erosion,  but 
worse  than  nickel  in  rain  erosion.  The  hoped-for  result  is  a material  that 
performs  better  than  polyurethane  for  a combination  of  exposure  to  both 
sand  and  rain. 

Most  of  the  present  literature  on  the  erosion  of  protective 
coatings  is  experimental  in  nature  and  deals  with  the  measurement  of  weight 
loss  under  a specific  set  of  test  conditions.  The  erosion  from  solid 
particles,  such  as  sand,  dust,  or  snow,  is  not  as  well  understood  as  rain 
erosion  where  a detailed,  semi -empirical  model  is  available.  The  Springer 
Model  was  first  developed  for  analyzing  the  erosion  of  coated  homogeneous 
materials  and  later  extended  to  coated  composite  material The  model 
considers  the  stress  wave  pattern  induced  by  the  water  hammer  pressure  from 
a droplet  during  its  residence  time  on  the  coating.  Depending  on  the  rela- 
tive impedance  between  the  coating  and  substrate,  the  stress  at  the  coating 
substrate  surface  can  either  be  higher  or  lower  than  the  corresponding 
value  without  a coating.  Details  of  the  model  and  the  basic  equations  are 
presented  in  Appendix  E. 


^^.S.  Springer,  et  al . , "Analysis  of  Rain  Erosion  of  Coated  Materials." 
Technical  Report  AFML-TR-73-227,  September  1973  (DDC  No.  AD  769448). 

^%.S.  Springer,  et  al.,  "Analysis  of  Rain  Erosion  of  Coated  and  Uncoated 
Fiber  Reinforced  Composite  Materials,"  Technical  Report  AFML-TR-74-180, 
August  1974  (DDC  No.  ADA001086). 
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A computer  code  called  REM  (rain  erosion  model)  v/as  developed 
from  the  equations  in  Appendix  E to  obtain  the  rain  erosion  characteristics 
of  coating  materials  chosen  as  candidates  for  a surface  waveguide.  The  in- 
put to  the  program  consists  of  the  physical  properties  of  the  waveguide 
and  parameters  which  describe  the  rain  environment.  The  input  quantities 
for  the  rain  environment  are:  (See  table  of  symbols.  Appendix  E.) 

rainfall  rate 
d droplet  diameter 
A altitude 

V impingement  velocity 

e impingement  angle 

The  remaining  input  quantities,  which  are  related  to  the  physical  properties 
of  the  waveguide,  are: 

speed  of  sound  in  the  coating 
H coating  thickness 
coating  density 

V Poisson's  ratio  for  coating 
ultimate  tensile  strength  of  coating 
speed  of  sound  in  the  substrate 
substrate  density 

The  output  quantities  are: 

t^.  incubation  time 

t^  time  required  to  erode  coating 

tf  total  time  to  erode  coating  from  initial  droplet  impact 
E erosion  rate 

E erosion  rate  with  droplet  impact  normal  to  the  surface 
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The  ultimate  strengths  and  impedances  of  several  materials  of 
practical  interest  are  shov/n  in  Table  4.  Four  coating  materials  v/ere 
selected  for  analysis:  nickel,  polyurethane,  Lennite  (ultra-high  molecular 

weight  polyethylene),  and  Alumina.  Although  nickel  cannot  be  used  as  a 
surface  waveguide,  it  is  listed  here  for  comparison  because  of  its  current 
use  as  an  erosion  shield.  Aluminum  and  epoxy  glass  are  the  :wo  substrate 
materials  considered  in  this  study. 

TABLE  4.  ULTIMATE  TENSILE  STRENGTH  AND  IMPEDANCE 


MATERIAL 

Ultimate 

Strength 

S^j(KN/m2) 

Impedance 
z(Kg/m2  - sec) 

Alumina 

220.  x 1Q3 

21.6  xlO^ 

Aluminum 

— 

14.0  xlO^ 

Epoxy  Glass 

— 

4.18  xlO^ 

Lennite  (Polyethelene) 

46.9x103 

2.16  xlO^ 

Nickel 

317.  xl03 

40.9  xlO^ 

Polyurethane 

57.  xl03 

0.271  X 10^ 

Water 

1 

1.46  xlO^ 

Of  the  materials  listed,  nickel  has  the  highest  ultimate  tensile 
strength  and  largest  impedance.  Polyurethane  has  the  lowest  ultimate  ten- 
sile strength  and  also  the  lov/est  impedance.  It  is  the  only  material  con- 
sidered that  has  an  impedance  lower  than  water. 

The  type  of  stress*  on  the  substrate  surface  depends  only  on  the 
impedances  of  the  coating  and  the  substrate  material  relative  to  that  of 
water.  Although  four  combinations  of  impedance  are  possible,  only  three 
of  the  cases  listed  in  Appendix  E occur  for  the  coating-substrate  combina- 
tions considered  here. 


*See  Appendix  E for  full  definition. 
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Table  5 lists  the  type  of  substrate  stress  that  results  from 
each  combination  of  coating  and  substrate  materials.  The  substrate  stress 
is  increased  above  the  no-coating  value  only  in  the  case  of  Lennite.  The 
impedance  of  Lennite  lies  between  that  of  the  substrate  (either  aluminum 
or  epoxy  glass)  and  water,  and  leads  to  a Case  III  type  of  substrate  stress 
distribution.  With  a polyurethane  coating,  a Case  II  type  of  distribution 
with  lower  substrate  stress  is  formed  because  its  impedance  is  lower  than 
that  of  water  and  the  substrate.  Alumina  and  nickel  coatings  have  impedances 
higher  than  either  the  substrate  or  water  so  that  a Case  I type  of  distribu- 
tion with  lower  substrate  stress  is  formed.  For  a microwave  deicer,  only 
polyurethane  and  Alumina  coatings  lead  to  reduced  substrate  stresses. 

Computations  were  made  with  the  REM  code  with  each  of  the  eight 
coating-substrate  combinations  listed  in  Table  5.  The  rain  intensity  was 
1 inch/hour  at  an  altitude  of  1 km.  The  coating  was  subjected  to  normal 
impact  from  2-itmi  droplets  impinging  at  500  mph. 

TABLE  5.  TYPE  OF  SUBSTRATE  STRESS  DISTRIBUTION  FOR 
VARIOUS  COATING-SUBSTRATE  COMBINATIONS 


COATING 

SUBSTBATE 

ALUMINUM  OR  EPOXY  GLASS 

Polyurethane 

Lennite 

Alumina 

Nickel 

Case  II,  substrate  stress  reduced 
Case  III,  substrate  stress  increased 
Case  I,  substrate  stress  reduced 
Case  I,  substrate  stress  reduced 

The  incubation  time,  defined  as  the  interval  from  initial  drop- 
let impact  to  the  first  indication  of  mass  loss,  is  shown  in  Figure  17. 

When  the  substrate  is  aliiininum,  an  Alumina  coating  performs  better  than  a 
nickel  coating.  The  incubation  time  for  Alumina  is  about  6x10**  minutes 
and  is  relatively  insensitive  to  the  coating  thickness.  A polyurethane 
coating  has  an  incubation  time  that  increases  rapidly  with  coating  thick- 
ness. When  the  thickness  is  greater  than  60  mils,  polyurethane  has  a 
longer  incubation  time  than  Alumina.  Lennite  has  an  incubation  time  of 
less  than  B minutes  and  probably  should  not  be  used  as  a protective  coating 
for  aluminum  helicopter  blades  in  areas  of  peak  erosion. 
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figure  17 


The  results  in  Figure  17  are  different  when  the  substrate  is 
epoxy  glass.  Lennite  and  polyurethane  perform  better  on  epoxy  glass  than 
on  aluminum,  while  Alumina  and  nickel  perform  worse  than  on  aluminum. 

Alumina  has  a longer  incubation  time  than  nickel  for  coating  thicknesses 
less  than  90  mils,  while  polyurethane  performs  better  than  both  nickel  and 
Alumina  when  its  thickness  exceeds  15  mils.  Although  thick  polyurettiane 
coatings  are  predicted  to  have  good  erosion  resistance,  they  also  have  a 
relatively  high  loss  tangent  and  may  produce  higher  losses  in  the  surface 
waveguide,  reducing  its  efficiency  when  thicker  than  about  15  mils. 

At  the  end  of  the  incubation  period,  the  coating  materials  begin 
to  erode  at  constant  rates,  given  in  Figure  18.  The  coating  materials 
with  long  incubation  times  also  have  lower  erosion  rates,  so  that  the 
curves  in  Figure  18  are  inverted  from  those  in  Figure  17.  Of  the  materials 
considered  here.  Alumina  has  the  lowest  erosion  rate  for  thin  coatings,  and 
polyurethane  has  the  lowest  erosion  rate  for  thick  coatings.  Alumina  has 
a lower  erosion  rate  than  nickel  for  both  aluminum  and  epoxy  glass  sub- 
strates. 

The  total  erosion  time  is  the  sum  of  the  incubation  time  and  the 
time  to  erode  through  the  coating.  It  gives  an  indication  of  the  total 
effectiveness  of  the  coating  as  a protective  shield.  The  total  erosion 
times  shown  in  Figure  19  are  similar  to  the  incubation  times  shown  in 
Figu.”e  17.  As  witn  incubation  times.  Alumina  performs  best  for  thin  coat- 
ings and  polyurethane  for  thicker  coatings.  In  actual  practice,  however,  a 
coating  would  be  replaced  before  the  end  of  its  effective  incubation  time. 

The  above  results  were  based  on  the  assumptions  of  normal  impact 
and  steady  state  conditions.  There  are  a number  of  factors  that  tend  to 
increase  the  effectiveness  of  a particular  coating  when  used  on  a helicopter 
blade.  The  rain  droplets  impinge  on  the  surface  at  various  angles  because 
of  the  curvature  of  the  surface  of  the  blade  and  aerodynamics  of  flow  field. 
Figure  20  shows  the  increase  in  incubation  time  over  the  minimum  value  at 
normal  impingement.  When  the  impingement  angle  is  increased  from  zero  to 
26  degrees,  the  incubation  time  is  doubled.  Likewise,  the  erosion  rate 
also  decreases  rapidly  with  oblique  impingement,  as  shown  in  Figure  21. 
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Figure  20.  Increase  in  incubation  time  over  minimum 
value  at  normal  impingement 
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Because  the  angle  of  attack  of  the  blade  changes  as  it  rotates  through  each 
revolution,  droplets  which  impact  normal  to  the  coating  surface  will  be 
spread  over  a narrow  region  of  the  blade  instead  of  impacting  at  one  point. 

This  effect  should  also  tend  to  increase  the  life  of  the  coating. 

Most  coatings  are  tested  and  rated  for  erosion  resistance  over 
a single  time  period  of  impact.  A helicopter  blade  is  usually  subjected  to 
many  t.ine  periods  of  relatively  short  duration.  The  cumulative  incubation 
time  for  a number  of  short  periods  of  erosion  may  be  longer  than  one  con- 
tinuous period  of  erosion. 

The  results  for  rain  erosion  may  differ  from  those  for  sand,  dust 
or  snow  erosion.  The  behavior  of  brittle  materials  was  studied  by  Adler, 
who  found  several  mechanisms  for  erosion.^**  Some  of  these  mechanisms  may 
not  be  important  for  solid  particle  erosion  of  a material  such  as  Lennite 
or  polyurethane.  Additional  experiments  are  required  to  obtain  the  erosion 
rates  of  coatings  subjected  to  solid  particle  impacts. 

DIELECTRIC  PROPERTIES  OF  ROTOR  ICE  FOR  ENGINEERING  PURPOSES  (LITERATURE  SFARCH) 

The  feasibility  of  a microv/ave  deicer  depends  upon  the  dielectric 
constant  and  the  loss  tangent  of  the  ice  appearing  on  helicopter  rotor 
blades.  Our  literature  search  has  revealed  that  this  specific  information 
is  not  now  directly  available;  however,  based  upon  the  published  values  of 
the  dielectric  properties  of  ice,  water  and  the  composition  of  "rotor  ice", 
a reasonable  hypothesis  concerning  the  dielectric  properties  of  "rotor  ice" 
can  be  made.  After  studying  the  composition  of  rotor  ice,  we  can  also  state 
with  reasonable  certainty  that  the  loss  tangent  of  "rotor  ice"  will  differ 
significantly  from  statically  grown,  pure,  single  crystal  ice  used  for  sci- 
entific purposes  and  from  naturally  grown  ice  found  in  glaciers  and  soils, 
and  on  mountain  tops. 

The  Composition  of  Rotor  Ice 

As  nientioned  above,  rotor  ice  differs  significantly  from  stati- 
cally or  naturally  grown  ice.  Some  of  the  significant  differences  are: 

^Adler,  et  al . "Analytical  Modeling  of  Subsonic  Particle  Erosion",  AFML- 
TR- 74-144  Quly  1972). 
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1)  Unfrozen  water  content  (super-cooled  water  content) 

2)  Air  content 

3)  Impurities 

4)  Rate  of  growth 

5)  Crystal  structure 

Unfrozen  Hater  and  Air  Content 

Rotor  ice  forms  in  the  range  between  0°  to  -40°C;  below  about 
-40°C  no  icing  takes  place.  The  deicer  requirements  call  for  considera- 
tion of  rotor  icing  down  to  -20°C.  In  this  temperature  range  it  is  well 
established  that  super-cooled  water  droplets  do  not  all  freeze  instantane- 
ously. It  should  therefore  be  expected  that  there  will  be  a relatively 
high  content  of  unfrozen  water  in  the  ice,  depending  upon  ambient  tempera- 
ture and  drop  size.  At  surface  temperatures  near  but  below  0°C  and  with 
large  water  drops,  since  freezing  is  not  instantaneous,  the  drops  have  an 
opportunity  to  spread  over  the  surface  before  freezing  to  form  a clear 
layer  referred  to  as  glaze  ice.  This  ice  will  have  a relatively  low  air 
content.  When  the  temperature  is  lower  and  droplet  size  smaller,  more 
water  will  freeze  on  impact.  The  ice  will  form  in  great  numbers  of  dis- 
crete particles  with  air  and  some  water  entrapped  between  them  to  produce 
white  crystalline  deposits  known  as  rime  ice. 

Rate  of  Growth 

Rotor  ice  grows  rapidly  from  impinging  droplets  on  the  blades. 
Layers  up  to  .2  inch  forming,  in  some  cases,  in  less  than  three  minutes. 

It  is  very  likely  that  the  composition  of  the  ice  will  vary  with  time  dur- 
ing this  stage  of  development. 

Crystal  Structure 

Impact  ice  formed  rapidly  on  rotor  blades  is  polycrystalline  con 
taining  many  impurities  such  as  salt,  sand,  dust,  carbon  particles  from  ex 
haust  fumes,  etc. 

Loss  Tangent  of  Rotor  Ice 

The  loss  tangent  of  various  forms  of  ice  and  water  (including 
super-cooled  water)  uncovered  in  the  literature  search  to  date  are  plotted 


60 


in  Figure  22.  This  figure  demonstrates  the  v;ide  range  of  values  that  tan  6 
may  take  depending  upon  the  impurities  present  in  the  ice.  (The  scatter 
in  measured  values  of  tan  6 can  only  be  accounted  for  by  the  presence  of 
impurities. ) 

While  dielectric  or  microwave  heating  can  be  significant  even  with 
low  concentrations  of  impurities  such  as  salt,  sand,  grease,  exhaust  carbon, 
etc.,  by  and  large  the  most  significant  parameter  affecting  the  loss  tangent 
is  the  percent  unfrozen  water  content.  Water  molecules  have  such  a large 
electric  moment  that  even  a small  percentage  of  moisture  is  sufficient  to 
cause  considerable  heating. 

If  the  water  content  of  rotor  ice  is  large,  it  should  be  expected 
that  a plot  of  tan  6 vs.  frequency  will  take  on  the  shape  of  the  upper  curves 
in  Figure  22  with  reduced  values  of  tan  6,  depending  upon  other  impurities 
present.  It  is  expected  that  a certain  percentage  of  unfrozen  water  wi^l 
always  be  present  in  natural  rotor  ice  and  the  lowest  curves  of  Figure  22 
will  never  be  realized  in  practice. 

Th’s  literature  search  was  intended  only  to  seek  out  published 
values  of  the  dielectric  constant  and  loss  tangent  of  ice  at  microwave  fre- 
quencies that  may  have  been  measured  in  the  past.  It  is  hoped  that  this 
information  can  be  used  to  characterize  the  kind  of  ice  encountered  on 
rotor  blades  tor  engineering  purposes.  We  were  not  interested  in  the  gen- 
eral scientific  study  of  the  dielectric  properties  of  ice,  this  being  a very 
complex  subject  well  beyond  the  scope  of  this  program. 

Dielectric  Constant  of  Ice  (Real  Part) 

A table  of  measured  values  of  the  dielectric  constant  of  ice  un- 
covered in  our  literature  search  is  presented  in  Table  6.  This  data  leaves 
little  doubt  that  the  dielectric  constant  for  ice  to  be  used  for  engineering 
purposes  in  the  range  of  frequencies  of  interest  to  microwave  deicing  will 
lie  in  the  vicinity  of  2.8  to  3.2.  If  Arctic  ice  is  neglected,  the  dielec- 
tric constnat  of  ice  to  be  used  for  engineering  purposes  is  3.2. 
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TABLE  6. 


REAL  PART  D1 


APPROXIMATE  FREQUENCY 
OF  MEASUREMENT 


Ice  (Pure  Distilled  Water) 

-12 

Fre’hly  Fallen  Snow 

-20 

Hard  Packed  Snow 

- 6 

Ice 

-15 

Ice  (Lamb  & Turney) 

- 1 
-10 
-20 

Dartmouth  Firm  Ice  ll^2 

- 1 
-10 
-20 

Dartmouth  Sea  Ice  #14 

- 1 
-10 
-20 

Tuto  Tunnel  Ice 

- 1 
-10 
-20 

Little  America  (Ice) 

- 1 
-10 
-20 

Arctic  (Ice) 

- 1 
-10 
-20 

Ice  (W.  Bagdade) 

-10 

- 6 1.55 


Definition  of  Experiments  to  Validate  Surface  Waveguide  Theory 

While  surface  waveguide  theory  is  v/ell  established  and  treated 
comprehensively  in  References  1 and  2 and  Appendix  A,  the  same  cannot  be 
said  of  experimental  techniques  for  measuring  the  performance  of  surface 
waveguides;  these  techniques  can  be  found,  for  the  most  part,  only  in  the 
periodical  literature.  The  techniques  described  here  are  based  upon  a 
search  of  References  1,2,  20,  21,  22,  23,  24,  25,  26,  27,  28.  Excerpts 
of  some  of  the  more  applicable  experiments  uncovered  in  the  literature 
search  are  discussed  in  Appendix  G.  Required  experiments  are  described 
as  Tasks  la  and  lb  in  Appendix  C. 


20G.J.  Rich,  "The  Launching  of  a Plane  Surface  Wave,"  Proceedings  of 
the  I EE,  London,  vol . 102,  part  B,  pp.  237-246. 

2^Cohn,  Cassedy  and  Kott,  "TE  Mode  Excitation  on  Dielectric  Loaded 
Parallel  Plane  and  Trough  Waveguides,"  IRE  Transactions  on  Microwave 
Theory  and  Techniques,  pp.  545-552,  September  1960. 

22e.L.  Ginzton,  Microwave  Measurements.  New  York:  McGraw-Hill,  1957 

2^0. W.  Duncan,  "The  Efficiency  of  Excitation  of  a Surface  Wave  on  a 
Dielectric  Cylinder,"  IRE  Transactions  on  Microwave  Theory  and  Techniques . 
pp.  257-268,  April  1959^:  ^ ^ 

2'*R.H.  DuHamel  and  J.W.  Duncan,  "Launching  Efficiency  of  Wires  and  Slots 
for  a Dielectric  Rod  Waveguide,"  IRE  Transactions  of  Microwave  Theory  and 
Techniques,  July  1958. 

25a. D.  Frost,  C.R.  McGeoch  and  C.R.  Mingins,  "The  Excitation  of  Surface 
Waveguides  and  Radiating  Slots  .by  Strip-Circuit  Transmission  Lines," 

IRE  Transactions  on  Microwave  Theory  and  Techniques,  October  1956. 

® 26j-„^s  Wiltse,  "Some  Characteristics  of  Dielectric  Image  Lines  at 

Millimeter  Wavelengths,"  IRE  Transactions  on  M^'crowave  Theory  and  Tech- 
niques, pp.  65-99,  January  1959. 

2^D.D.  King  and  S.P.  Schlesinger,  "Losses  in  Dielectric  Image  Lines," 

IRE  Transactions  on  Microwave  Theory  and  Techniques.  January  1957. 

28s. P.  Schlesinger  and  D.D.  King,  "Dielectric  Image  Lines,"  IRE 
Transactions  on  Microwave  Theory  and  Techniques,  July  1958. 
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SECTION  3 

PHASE  II  - DISSIPATION  AND  DISTRIBUTION  OF  MICROWAVE  ENERGY 


MICROWAVE  POWER  REQUIRED  TO  SHED  ICE  FROM  ROTOR  BLADES 

The  mechanism  of  injecting  microv/ave  energy  into  ice  layers  by 
means  of  dielectric  surface  waveguides  has  been  described  in  Section  2. 

In  this  section  the  amount  of  power  and  energy  required  to  shed  the  ice 
is  computed.  The  results  of  computations  made  here  are  presented  in 
Figures  23  and  24,  where  it  is  obvious  that  the  power  requirements  of  a 
microwave  deicer  are  an  order  of  magnitude  less  than  that  of  a thermal 
deicer.  The  remainder  of  the  section  describes  the  underlying  principles 
upon  which  the  calculations  are  based.  Detailed  calculations  are  pre- 
sented in  Appendix  B. 

ESTItiATES  OF  MICROWAVE  POWER  REQUIRED  TO  SHED  ICE  DM  UH-1  BLADES  AT 
AMBIENT  i'EMPERATURES  OF  -15°C  and  -20.9°C 

The  microwave  power  required  to  shed  the  ice  build-up  on  a heli- 
copter blade  is  related  to  the  magnitude  of  the  area  iced  and  the  thickness 
of  the  ice  layers;  i.e.,  the  volume  and  mass  of  the  ice.  Ideally,  the  com- 
putations should  be  based  upon  actual  measured  ice  accumulations  on  the 
blade  of  a UH-1  helicopter.  Such  measurements  are  not  available  for  a 
UH-1  but  were  found  for  a NACA  0012  blade  at  -15°C  in  Reference  29  and 
for  a Bell  47-6  at  -20.9°C  in  Reference  30.  The  ice  accumulations  for  the 
UH-1  illustrated  in  Figure  25  were  determined  by  scaling  the  iced  area  in 
proportion  to  the  blade  area  from  these  two  measurements.  The  resulting 
areas  are  given  in  Table  B-5. 

The  microwave  energy  required  to  shed  the  ice  is  assumed  to  be 
the  energy  that  must  be  injected  into  the  ice  to  raise  the  temperature  to 
the  level  at  which  shedding  takes  place.  The  microwave  energy  enters  the 

29J.B.  Werner,  "Ice  Protection  Investigation  for  Advanced  Rotary- 
Wing  Aircraft,"  USAAMRDL  Technical  Report  73-38,  August  1973. 

^^J.R.  Stall abrass,  Flight  Tests  of  an  Experimental  Helicopter  Rotor 
Blade  Electrical' De-icer,  Ottawa,  Canada:  NatinnaV  ^ 

Laboratories,  November  1959. 
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MICROWAVE  ENERGY  DISSIPATES 
PRIMARILY  IN  THE  ICE  A RELATIVcL 
SMALL  AMOUNT  DISSIPATES  IN  THE 


Figure  25.  Typical  ice  buildup  on  UH-1  blade 


ice  by  way  of  the  surface  waveguides  located  on  the  blade  leading  edges 
just  under  the  ice,  as  illustrated  in  Figure  25  and  discussed  in  Section  2. 
The  surface  waveguide,  being  relatively  lossless  and  transparent  to  micro- 
wave  energy,  will  experience  only  a elevation  in  temperature  due  to 

dissipation  while  the  major  dissipt  . takes  place  in  the  ice.  Mo  other 
heating  occurs. 

Stall abrass  has  shown  that  the  ice  does  not  need  to  be  brought 
up  to  the  melting  point  but  merely  to  a shedding  temperature,  T^,  at 
which  point  the  centrifugal  fnrce  exerted  on  the  ice  mass  is  sufficient 
to  break  the  ice  adhesion  bond.^^  He  has  shown  that  with  decreasing  tempera- 
ture the  force  required  to  shed  increases,  the  force  is  also  a function  of 
the  adhesive  properties  of  the  material  used  in  the  leading  edge.  Because 
the  centrifugal  force  increases  with  radius,  the  shed  temperature  required 
will  decrease  with  radius.  The  shedding  temperatures,  as  functions  of  blade 
radius,  for  the  UH-1  helicopter  have  been  computed  in  Appendix  B for  Teflon 
and  Titanium  and  are  illustrated  by  the  upper  curves  in  Figure  26. 

Some  rise  in  the  temperature  of  the  ice  is  also  induced  by  aero- 
dynamic heating;  the  more  rapidly  moving  tip  of  the  blade  experiences  greater 
heating.  The  equilibrium  temperature  thus  depends  upon  the  ambient  tempera- 
ture and  the  speed  of  the  blade.  The  equilibrium  temperatures  for  a UH-1 
blade  at  ambient  teniperatures  of  -15°C  and  -20°C  have  been  established  in 
Appendix  B and  are  plotted  in  Figure  20  where  they  can  be  compared  to  the 
shedding  temperatures. 

When  the  equilibrium  temperature  exceeds  the  shed  temperature, 
natural  shedding  may  take  place,  as  is  often  experienced  at  the  tip  of  the 
blade  at  higher  ambient  temperatures.  This  phenomenon  is  illustrated  on 
the  right  in  Figure  26,  where  the  equilibrium  temperature  crosses  the  shed 
temperature.  The  equilibrium  temperature  is  not  in  general  sufficient  to 
cause  natural  shedding  of  the  entire  blade. 


J.R. Stallabrass  and  R.D.  Price,  "On  the  Adhesion  of  Ice  to  Various 
Materials,"  National  Research  Laboratories,  July  1962. 


The  microwave  energy  that  must  be  injected  into  the  ice  is  that 
energy  required  to  raise  the  Ice  from  the  equilibrium  temperature,  T^,  to 
the  shed  temperature,  T . The  energy  required  to  do  this  is  computed  in 
Appendix  B,  the  results  of  which  are  illustrated  in  Figures  23  and  24  for 
-20°C  and  -15°C  ambient.  Obviously,  from  Figure  24,  more  microwave  energy 
will  be  required  near  the  root  of  the  blade  where  the  difference  between 
the  shed  temperature  and  the  equilibrium  temperature  is  greatest  and  the 
centrifugal  force  weakest. 

Curve  3 of  Figures  23  and  24  represents  the  average  power  that 
must  be  consumed  to  raise  the  ice  from  the  ambient  temperature  to  0°C  (but 
not  melt  the  ice).  Since  0°C  is  greater  than  the  shedding  temperature  and 
T^  less  than  the  equilibrium  temperature  (see  Figure  26),  Curve  3 repre- 
sents a conservative  model  and  represents  an  upper  bound  on  power  require- 
ments. While  Teflon  is  not  mechanically  suitable  for  the  blade  leading 
edge,  it  is  electrically  suitable  and  therefore  Curve  4,  performed  for 
Teflon,  should  give  a close  indication  of  the  real  power  requirements  of 
other,  simil ar  dielectrics  with  more  suitable  mechanical  properties. 

Curve  5 represents  the  power  requirements  assuming  the  dielectric  coating 
has  ice  adhesive  properties  equivalent  to  that  of  titanium  which,  as  mea- 
sured by  Stallabrass,  showed  the  smallest  ice  adhesive  properties  of  those 
materials  he  measured  (aluminum,  stainless  steel.  Teflon,  titanium  and 
Viton).  It  probably  represents  a lower  bound  on  power  requirements.  It 
is  presently  felt  that  actual  requirements  will  fall  somewhere  between 
Curve  3 and  Curve  5.  In  a sense,  these  curves  may  also  be  considered 
conservative,  since  the  computations  assumed  that  the  entire  layer  of  ice 
had  to  be  raised  to  the  shed  temperature,  whereas  actually  only  a thin 
layer  of  ice  in  the  neighborhood  of  the  ice  adhesion  bond  need  be  raised. 
Since  the  microwave  power  density  can  be  engineered  to  reach  a maximum  at 
the  adhesion  layer,  as  illustrated  in  Figures  3 and  4,  perhaps  even  less 
power  than  is  indicated  in  Curve  5 may  be  required.  Only  experimentation 
can  determine  the  true  power  requirements. 


Stallabrass  and  R.D.  Price,  "On  the  Adhesion  of  Ice  to  Various 
Materials,"  National  Research  Laboratories,  July  1962. 


The  discussion  up  to  this  point  assumed  the  microv/ave  energy  was 
to  be  applied  continuously  as  long  as  ice  existed  on  the  blade.  Actually, 
the  computations  of  average  power  made  in  Appendix  B assumed  that  the 
power  was  applied  periodically  in  accordance  with  some  duty  cycle;  the 
average  power  dissipated  remaining  unchanged,  independent  of  the  peak 
power.  This  implies  higher  peak  powers  for  shorter  duty  cycles.  In  this 
model  the  ice  is  permitted  to  accrete  only  to  a predetermined,  tolerable 
thickeness  before  it  is  caused  to  shed  by  a long  pulse  of  microwave  energy. 

The  power  is  applied  for  an  "on  period"  long  enough  to  shed  the  ice  and 
then  removed  for  an  "off  period",  during  which  the  ice  is  allowed  to 
accumulate  again  (providing  the  icing  condition  persists).  Typical  "on 
times",  "off  times"  and  average  power  required  for  -15°C  and  -20°C  have 
been  computed  in  Appendix  B and  appear  in  Tables  B-6,  7,  8 and  B-12,  B-13, 
and  B-14  respectively.  The  peak  power  selected  for  the  "on  time"  is  determined 

by  the  time  it  is  desired  to  take  to  shed  the  accumulated  ice  layer.  To 
provide  the  on-off  sequence,  the  power  supply  must  include  a simple  periodic 
sequencer  that  periodically  turns  the  power  on  and  off  in  a predetermined 
sequence  depending  upon  the  severity  of  the  icing  condition. 

DIELECTRIC  HEATING  0F-.THE  ICE  LAYER 


In  the  previous  section  the  amount  of  power  required  to  shed  the 
ice  layer  was  computed  indeper.deritly  of  how  the  ice  was  heated.  It  was  as- 
sumed that  microwave  energy  injected  into  the  ice  layer  was  converted  to 
heat.  In  this  section  we  examine  quantitatively  the  dielectric  heating  of 
the  ice  layer  by  the  microwaves  propagating  within  them. 

The  dielectric  heating*  of  any  material  is  given  by: 


1.1  - Watts 

'd  ~ ^~T  Unit  Volume 


(1) 


a - we"  - we 'tans 


*A  brief  discussion  of  the  physics  of  dielectric  heating  is  given  in 
Appendix  H. 
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where: 


E - electric  field  intensity 

= power  converted  to  heat  (power  dissipated) 
w = frequency 

e'  " real  part  of  dielectric  constant 

e”  = imaginary  part  of  dielectric  constant 
tan6  = e"/e'  = loss  tangent  of  material  being  heated 

0 = conductivity 

The  typical  amplitude  distribution  of  the  electric  field,  E or 
E^,  for  surface  v/aveguides  has  been  studied  in  Section  2 and  is  illustrated 
in  Figures  3 and  4 for  varying  thickness  of  ice.  The  surface  waveguide  is 
assumed  to  be  composed  of  two  dielectric  layers:  a stable,  low-loss  base 

layer  and  the  transient,  high-loss  ice  layer.  A technique  enabling  the 
computation  of  the  dielectric  heating  of  both  layers  is  developed  in 
Appendix  A utilizing  Equation  1 and  is  presented  in  the  form  of  attenuation 
constants,  illustrated  in  Figures  27  through  33.  The  attenuation  constant 
of  the  surface  guide  is  a measure  of  the  fraction  of  transmitted  power  that 
is  lost  per  inch  due  to  dielectric  heating  of  the  ice,  expressed  in  decibels 
per  inch.  In  Figures  27  through  33,  d represents  the  sum  of  the  base 
dielectric  plus  the  ice. 

d = d-|  + t2 

where 

d-|  = thickness  of  the  base  dielectric 
t2  = thickness  of  the  ice 

tan6-|  = loss  tangent  of  the  base  dielectric 
tan62  = loss  tangent  of  the  ice  layer 
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Figure  28.  Attenuation  versus  thickness  of  dielectric  for  TM  even  mode 
f = 5,850  MHz,  e,  = 2.8,  tan6,  = .0002,  e,  =1.0 


(Decibels  Per  Inch) 


d( inches) 


Figure  33.  Attenuation  versus  thickness  of  dielectric  for  TE  odd  mode 

f = 5,850  MHz 


The  thicknesses  of  the  base  dielectric,  , are  indicated  on  each  diagram. 
The  attenuation,  or  power  loss,  in  the  base  dielectric  for  each  value  is 
indicated  by  a circle  at  the  lower-left  extremity  of  each  curve.  As  can 
be  seen,  these  produce,  in  most  cases,  only  minor  losses  and  may  be  con- 
sidered to  be  lossless  for  all  practical  purposes.  The  curves  show  that 
as  the  ice  layers  grow  the  attenuation  rises  rapidly.  The  rate  of  increase 
is  dependent  upon  the  loss  tangent  of  the  rotor  ice. 

Practical  values  of  the  loss  tangent  of  rotor  ice  have  been 
studied  in  the  previous  section  and  shown  v.o  fall  in  the  range  of  .0001  to 
.1,  in  Figure  22,  depending  upon  the  impurities  present  in  the  ice.  For 
this  reason  the  attenuation  constants  of  Figures  27  through  33  have  been 
plotted  parametrically  over  this  range  of  tan62*  As  concluded  in  the  pre- 
vious section,  it  is  expected  that  rotor  ice  will  contain  many  impurities, 
including  a large  fraction  of  unfrozen  water,  so  that  values  of  tan62 
below  about  .001  are  not  expected.  Examination  of  Figures  27  through  33 
reveal  that  workable  deicers  are  realizable  for  values  of  tan62  equal  to 
or  greater  than  .001. 

The  Effect  of  a Polyurethane  Erosion  Coat  on  Losses 

Certain  dielectric  materials  may  require  a polyurethane  erosion 
coat.  This  coat  has  a loss  tangent  of  .059  and  will  be  subject  to  dielec- 
tric heating  and  losses.  The  techniques  of  Appendix  A permit  the  evali- 
ation  of  the  effect  of  a thin,  12  mil,  erosion  coat.  The  polyurethane 
represents  an  additional  layer  of  dielectric  and  is  treated  in  the  same 
manner  as  the  base  layer  and  the  ice  layer.  This  is  the  so-called  3-layer 
model  of  the  surface  waveguide.  The  attenuation  constants  for  this  model 
have  been  calculated  and  are  presented  in  Figures  34  through  44.  In  these 
curves 

d = d-|  + t2  + t^ 


where 

d-|  = thickness  of  the  base  dielectric 
t2  = 0.012"  = thickness  of  polyurethane 
t|j  = thickness  of  the  ice  layer 
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d( inches) 


Figure  34.  Attenuation  versus  thickness  of  dielectric  for  TM  even  mode 

f = 2,450  MHz 


d(  inches) 


.5 


Figure  35.  Attenuation  versus  thickness  of  dielectric  for  TM  even  mode 

f = 2,450  MHz 


d( inches) 


Figure  38.  Attenuation  versus  thickness  of  dielectric  for  TM  even  mode 

f = 5,850 


(Decibels  Per  Inch) 


d( inches) 


Figure  40.  Attenuation  versus  thickness  of  dielectric  for  TM  even  mode 

f = 22,125  MHz 


. 


u 


In  these  curves,  the  circled  value  at  the  lower-left  extremity  of  each 
curve  represents  the  attenuation  constant  of  the  base  dielectric  plus  the 
polyurethane  coat  without  any  ice  accretion.  The  effect  of  the  growing 
layer  of  ice  is  the  rapid  increase  in  attenuation,  with  d illustrated  in 
the  diagrams. 

MICROWAVE  DEICER  TRANSMISSION  LINE  EQUIVALENT  CIRCUIT 

It  is  convenient  to  represent  the  surface  waveguide  deicer  by 
a transmission  line  equivalent  circuit,  as  illustrated  in  Figure  T5.  In 
the  ice-free  condition,  the  transmission  line  is  relatively  lossless, 
represented  by  a low  attenuation  constant,  a,  and  characteristic  impedance 
Zq.  As  ice  accumulates,  the  characteristics  of  the  line  change  drastically: 
a increases  rapidly  with  ice  thickness,  as  illustrated  in  Figures  27  through 
44,  and  the  characteristic  impedance  changes. 

The  equivalent  circuit  of  Figure  45  illustrates  one  rotor  blade 
of  length  L with  an  accumulation  of  ice  extending  from  r to  the  end  of  the 
blade.  The  portion  between  terminals  1 and  2 represents  the  ice-free  por- 
tion (either  at  the  tip  or  root)  leading  from  tl.e  generator  and  has  a 
characteristic  impedance  of  Z^  and  a relatively  low  attenuation  constant. 

The  portion  between  terminals  2 and  3 represents  the  ice  loaded  section 
with  a characteristic  impedance  of  which  is  dependent  upon  the 

thickness  d of  the  ice  layer  plus  the  dielectric  layer  and  a relatively 
high  attenuation  constant.  The  generator  at  terminal  1 represents  the  out- 
put of  the  feed  system,  injecting  energy  into  the  surface  waveguide. 

A matched  load  is  shown  terminating  the  transmission  line  at  terminal  3 
to  assist  in  destroying  any  unwanted  radiation.  Power,  P^^,  injected  into 
the  line  dissipates  exponentially  with  distance  r from  the  generator;  the 
rate  of  dissipation  is  dependent  upon  the  attenuation  constant,  illustrated 
by  P^^  in  Figure  45(b)  and  (c)  for  high-  and  low-loss  lines  respectively. 

The  add' cion  of  an  ice  layer  to  the  surface  waveguide  will  tend  to  raise 
the  attenuation  constant,  the  effect  being  to  increase  the  rate  of  power 
dissipation,  as  illustrated  by  P^^  in  Figure  45(b)  and  (c)  for  low-  and 
high-ice  attenuation  constants  respectively.  Quantitative  estimates  of 
attenuation  constants  ar«  given  in  Figures  27  through  44.  Figure  45  serves 
to  illustrate  the  hypothetical  mechanism  of  rotor  blade  deicing. 
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Figure  45.  Equivalent  circuit  of  microwave  deicer  tip-to-root  or  ro 


In  the  ice-free  condition,  v/ith  a relatively  low-loss  surface 
waveguide,  pov/er  injected  into  the  line  at  terminal  1 will  propagate  down 
the  line  with  only  minor  attenuation  until  it  encounters  the  termination, 
where  it  will  be  absorbed  (the  deicer  is  normally  off  during  this  condition). 
In  the  iced  condition,  vnth  a layer  of  ice  extending  from  terminals  2 to  3, 
power  injected  at  terminal  1 will  propagate  down  the  line  with  relatively 
low  loss  until  it  encounters  the  ice  build-up  at  terminal  2;  here  the 
attenuation  constant  will  undergo  an  increase,  resulting  in  a larger  ex- 
ponential loss  of  power  with  distance.  Pov/er  entering  terminal  2 will  be 
converted  to  heat  and  dissipated  in  the  initial  portions  of  the  ice  layer 
nearest  the  generator  with  very  little,  if  any,  power  reaching  terminal  3. 
The  ice  appears  essentially  as  a matched  load  terminating  the  transmission 
line.  The  energy  dissipated  in  the  initial  portions  of  the  ice  will  ele- 
vate the  temperature  of  these  portions  above  the  shed  temperature,  causing 
these  portions  to  shed,  thereby  moving  the  location  of  terminal  2 down 
the  line.  The  ice  will  shed  progressively  in  the  direction  of  propagation, 
in  the  manner  illustrated  in  Figure  45(b)  and  (c)  (tp  t2  and  t^).  until 
all  of  the  ice  has  shed  and  terminal  2 is  coincident  with  terminal  3. 

Figure  46  has  been  prepared  to  illustrate  the  exponential  dis- 
tribution of  power  on  the  UH-1  rotor  blade  as  a function  of  the  attenuation 
constant  assuming  ice  accretions  begin  at  station  50  and  the  attenuation 
constant  remains  the  same  throughout  the  length  of  the  blade.  The  values 
of  3 dB/inch,  3 dB/10  inches,  3 dB/100  inches  and  0.3  dB/100  in. have  been 
used  as  convenient  values  for  the  attenuation  constant,  3 dB  representing 
50%  of  the  injected  power.  These  values  have  also  been  flagged  on  Figures 
27  through  44. 

'Bj  descriptions  of  experiments  to  be  performed  to  verify  ESTHiATED  POWER 

REQUIREMENTS 

Experiments  proposed  for  verifying  the  estimated  power  require- 
ments for  shedding  ice  are  presented  in  Appendix  C. 


95 


SECTION  4 


PHASE  III  - COUPLING  TO  SURFACE  WAVEGUIDES 


The  problem  of  exciting  surface  v/avpguides  differs  somewhat  from 
exciting  rectangular  or  coaxial  waveguides  in  that  in  surface  waveguides 
the  opportunity  exists  for  some  of  the  power  intended  for  the  surface 
waveguide  to  radiate  into  space.  The  efficiency  of  coupling  is  thus  de- 
fined as  the  ratio  of  "power  coupled  to  the  surface  waveguide"  to  the 
"radiated  power  plus  coupled  power".  It  is  a measure  of  power  coupled  to 
the  guide  as  opposed  to  that  radiated. 

Extensive  experimental  investigations  of  this  problem  exist  in 
the  technical  literature  and  were  identified  in  this  study  and  discussed 
in  Appendix  G and  the  letter  progress  reports.  Investigators  report  cou- 
pling efficiencies  of  greater  than  70%  and  approaching  100%.  Attention 
is  brought  primarily  to  two  coupling  techniques  identified  in  the  study 
that  are  simple,  that  will  not  require  extensive  modification  of  the  rotor 
blade  and  that  show  a high  probability  of  success:  a coupler  studied  by 

DuHammel  suitable  for  the  TM  modes  and  the  coupler  studied  by  Cohn  suitable 
for  the  TE  modes. Physical  implementations  of  these  couplers  are 
illustrated  in  Figures  47  and  48  respectively.  These  couplers  are  recom- 
mended for  initial  development.  Other  coupling  techniques  (Appendix  G) 
should  not  be  ignored;  these  may  have  applications  in  other  specific  deicer 
designs . 

THE  TM  MODE  COUPLER 
0 

An  experimental  investigation  of  the  coupling  efficiency  of  a 
coupler  similar  to  that  illustrated  in  Figure  47  was  carried  out  by  R.H. 
DuHammel.^'*  DuHammel  derived  a formula  for  predicting  efficiency.  This 


^^Cohn,  Cassedy  and  Kott,  "TE  Mode  Excitation  on  Dielectric  Loaded  Parallel 
Plane  and  Trough  Waveguides,"  IRE  Transactions  of  Microwave  Theory  and 
Techniques , pp.  545-582  (September  I960). 

R.H.  DuHamel  and  J.W.  Duncan,  "Launching  Efficiency  of  Wires  and  Slots 
for  a Dielectric  Rod  Waveguide,"  IRE  Transactions  of  Microwave  Theory  and 
Techniques,  July  1958. 
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Center 

Line 


h = height  of  current  filament  above  ground  plane 
d = thickness  of  dielectric 
a = position  of  short  circuit 
b = diameter  of  current  filament 


Figure  48.  Experimental  model-TEi  mode  coupler 
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formula  relates  the  efficiency  of  the  launcher  to  its  impedance  as  a 
scatterer  on  surface  waveguides.  Thus,  by  measuring  the  scatterer 
impedance,  the  efficiency  may  be  calculated.  Scatterer  impedance  was 
measured  at  six  values  of  extending  from  0.818  to  0.987.  Tv/o  of 

the  efficiency  curves  thus  measured  are  illustrated  in  Figure  49  for 
A /A  = 0.818  and  0.897,  where  efficiencies  of  75%  are  indicated. 

g 

I>1easurements  were  performed  at  5,900  and  7,400  MHz.  These  measurements 
were  checked  by  the  Deschamps'  method  and  show  agreement  to  v/ithin  6%  when 
the  length  of  the  wire  was  less  than  0.35A. 

The  work  of  DuHammel  applies  to  the  hybrid  HE^-j  mode  on  dielec- 
tric rod  image  lines,  as  illustrated  in  Figure  7(e).  This  image  line  is 
similar  to  the  rectangular  image  line  illustrated  in  Figure  7(f)  and  used 
in  the  coupler  (Figure  47).  As  the  width  of  the  dielectric  image  line  is 
widened  by  tapering  to  full  size  surface  guide,  the  HE-j^  mode  will  take  on 
the  characteristics  of  the  TM^  mode.  Experimental  investigations  of  rec- 
tangular image  lines  are  reported  on  by  Wiltse  and  Schlesinger.2*>>28 

THE  TE^  MODE  COUPLER 

An  experimental  investigation  of  the  coupling  efficiency  of  a 
coupler  similar  to  that  illustrated  in  Figure  48  was  carried  out  by  Cohn 
in  Reference  21,  Cohn  developed  analytical  and  experimental  tools  to  pre- 
dict the  bidirectional  efficiency  as  a function  of  the  dielectric  thickness, 
the  dielectric  constant  and  the  height  of  the  probe  above  the  dielectric. 

The  unidirectional  coupling  achieved  is  twice  the  bidirectional  coupling. 
Predicted  and  measured  values  of  bidirectional  coupling  using  Cohn's  tech- 
niques are  illustrated  in  Figure  50.  The  bidirectional  coupling  achieved 


2^Cohn,  Cassedy  and  Kott,  "TE  Mode  Excitation  on  Dielectric  Loaded  Parallel 
Plane  and  Trough  Waveguides,"  IRE  Transactions  oji_Mi crowave  Theory  and 
TprhniqiiPA.,  pp.  545-552,  September  1960. 

^^James  C.  Wiltse,  "Some  Characters  tics  of  Dielectric  Image  Lines  at 
Millimeter  Wavelengths,"  IRE  Transactions  on  Microwave  Theory  and  Tech- 
niques, pp.  65-69,  January  V969. 

^®S.P.  Schlesinger  and  D.D.  King,  "Dielectric  Image  Lines,"  IRE  Trans- 
actions on  Microwave  Theory  and  Techniques,  July  1958. 


Launching  Efficiency  - % 


b=l.ll  cm  c 


Normalized  Wave  Length,  r/x  (numeric) 


Figure  49.  Launching  efficiency  of  a vertical  wire  as 
a function  of  the  normalized  wire  length 
(excerpted  from  DuHamel , Reference  24) 


DuHamel  and  J.W.  Duncan,  "Launching  Efficiency  of  Wires  and  Slots 
for  a Dielectric  Rod  Waveguide,"  IRE  Transactions  of  Microwave  Theorv  and 
Techniques.  July  1958.  — — — d 


101 


(Reference  21) 


Figure  50.  Computer-generated  plot  of  bidirectional  launching 
efficiency  as  a function  of  dielectric  slab  thickness  for  various 
values  of  current  filament  location  and  dielectric  constant 


^^Cohn,  Cassedy  and  Kott,  "TE  Mode  Excitation  on  Dielectric  Loaded 
Parallel  Plane  and  Trough  Waveguides,"  IRE  Transactions  of  Microwave 
Theory  and  Techniques,  pp.  545-552  (September  1960). 
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is  46%.  The  unidirectional  coupling  achieved  by  placing  a short  circuiting 
plate  approximately  a quarter  wavelength  from  the  probe  is  92%  (i.e.,  twice 
the  bidirectional  coupling).  The  results  were  measured  for  a dielectric 
constant  of  2.56.  Coupling  curves  for  other  dielectric  constants  computed 
with  Cohn's  technique  are  illustrated  in  Appendix  G.  Cohn's  experiments 
were,  strictly  speaking,  for  trough  lines.  This  v/ould  require  the  building 
up  of  side  walls  in  the  vicinity  of  the  current  filament.  Ways  will  be 
sought  to  eliminate  such  walls. 

LABORATORY  DEkONSTRATION  OF  COUPLING  THEORY 


Experiments  reported  in  the  technical  literature  are  sufficient 
to  validate  coupling  theory.  ^ » » » > » l/e  describe  here  experimental 

techniques  that  may  be  used  to  measure  surface  waveguide  coupling.  All  of 
the  microwave  measurements  required  are  performed  with  the  apparatus  illus- 
trated in  Figure  C-1 . Specific  procedures  required  to  measure  couplings 
are  grouped  with  other  microwave  measurements  in  Appendix  D and  are  also 
described  in  Reference  21. 


^^A.L.  Cullen,  "The  Excitation  of  Plane  Surface  Waves,"  Proceedings  of  the 
lEE,  London,  vol . 101,  part  IV,  pp.  224-234,  February  15,  1954. 

2°G.J.  Rich,  "The  Launching  of  a Plane  Surface  Wave,"  Proceedings  of  the 
lEE,  London,  vol.  102,  part  B,  pp.  237-246,  March  1955. 

^^Cohn,  Cassedy  and  Kott,  "TE  Mode  Excitation  on  Dielectric  Loaded  Parallel 
Plane  and  Trough  Waveguides,"  IRE  Transactions  on  Microwave  Theory  and  Tech- 
niques , pp.  545-552,  September  1960. 

23J.W.  Duncan,  "The  Efficiency  of  Excitation  of  a Surface  Wave  on  a 
Dielectric  Cylinder,"  IRE  Transactions  on  Microwave  Theory  and  Techniques, 
pp.  257-268,  April  1959. 

^‘♦R.H.  DuHamel  and  J.W.  Duncan,  "Launching  Efficiency  of  Wires  and  Slots  for 
a Dielectric  Rod  Waveguide,"  IRE  Transactions  of  Microwave  Theory  and  Tech- 
niques , July  1958. 

2^A.D.  Frost,  C.R.  McGeoch  and  C.R.  Mingins,  "The  Excitation  of  Surface  Wave- 
Guides  and  Radiating  Slots  by  Strip-Circuit  Transmission  Lines,"  IRE  Trans- 
actions on  Microwave  Theory  and  Techniques,  October  1956. 

^^M.  Cohn,  "Propagation  in  Dielectric-Loaded  Parallel  Plane  Waveguide,"  IRE 
Transactions  on  Microwave  Theory  and  Techniques,  pp.  202-208,  April  1959. 

3^M.  Cohn,  "TE  Modes  of  Dielectric  Loaded  Trough  Line,"  IRE  Transactions  on 
Microwave  Theory  and  Techniques,  pp.  449-454,  July  1960. 


SECTION  5 


PHASE  IV  - MICROWAVE  DEICER  PRELIMINARY  CONFIGURATION 


A block  diagram  of  a UH-1  rotor  blade  microwave  deicer  is  illus- 
trated in  Figure  51.  be  following  is  a list  of  components,  which  will  be 
described  in  this  section: 


Microwave  Deicer  Boot 
Coupler 

Distributor/Power  Divider 

Feeder 

Rotary  Joint 


Microwave  Tube 
Power  Supply 
Pilot's  Control  Panel 
Ice  Detectors 

Outsi'de  Temperature  Detector 


For  the  purposes  of  this  initial  feasibility  analysis,  all  cost  and  weight 
estimates  given  in  this  section  are  based  upon  extrapolations  from  a)  off 
the  shelf  components  b)  modified  off  the  shelf  components  c)  similar  and 
comparable  components  previously  manufactured. 

MICROWAVE  DEICER  BOOT 

Preliminary  configurations  of  the  microwave  deicer  boot  are  illus- 
trated in  Figures  52  through  56.  The  boot  protects  10%  of  the  top  surface 
and  25%  of  the  bottom  chordwise.  Spanwise  it  can  be  made  to  provide  complete 
coverage  from  station  28  to  the  tip.  The  exact  deicing  coverage  of  the 
rotor  blade  required  in  the  region  of  the  doublers  (Figure  52)  between  sta- 
tion 28  and  83  has  not  been  defined  in  this  preliminary  feasibility  study. 

This  region  is  assumed  to  be  a non-critical  area  and  the  possibility  exists 
that  only  limited  coverage  need  be  provided  here.  If  need  be,  the  deicer 
boot  can  be  tailored  to  provide  limited  coverage  or  complete  coverage. 

The  preliminary  boots  illustrated  in  Figures  53  through  56  are 
suitable  for  the  TM^  mode  and  TE-j  mode  of  propagation.  Figures  53  and  54 
are  suitable  for  both  modes,  whereas  55  and  56  will  suppress  the  TM^  mode. 

The  extrusions  illustrated  in  Figure  55  serve  several  purposes.  They  suppress 
the  TM^  mode,  provide  a polarization  anchor  for  the  TE-j  mode  and  provide  a 
means  of  fastening  the  dielectric  to  the  rotor  blade. 
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Figure  54.  Preliminary  design  of  root  fed  TM^  and  TE-|  mode 
surface  waveguide  deicers  (waveguide  laid  out  flat) 


109 


Figure  55.  Preliminary  cross  section  of  the  TE-|  mode  surface  waveguide,  which  runs  the 

full  length  of  blade,  at  deicer  station  88 


Figure  5G.  Preliminary  design  of  the  TE-|  mode  surface 
waveguide  deicer  boot  (developed)  - root  fed 


Materials  suitable  for  use  on  the  blade  are  discussed  in  Section 
2.  The  material  used  must  be  able  to  v/ithstand  the  severe  rain,  sand  and 
dust  erosion  environment  encountered  by  rotor  blades.  Segments  of  the 
rotor  blade  near  the  tip,  in  the  vicinity  of  the  leading  edge,  will  be 
subject  to  a more  severe  erosion  environment  due  to  higher  speeds  and 
higher  angles  ofimpingement  than  found  on  other  portions  of  the  blade. 

It  is  not  unreasonable,  therefore,  to  think  of  providing  these  regions 
with  a dielectric  material  such  as  Alumina,  which  provides  a high  resistance 
to  erosion.  Remaining  portions  of  the  boot  can  be  made  from  other  materials 
of  lower  weight  than  nickel. 

Estimated  Height  oF  the  Deicer  Boot 

The  weight  of  the  boot  will  depend  upon  its  thickness  and  material. 
Weight  computations  for  composite  and  metal  blades,  presented  in  Table  7, 
indicate  a weight  savings  of  approximately  10  pounds/blade  for  both  composite 
and  metal  blades  if  the  boot  replaces  the  nickel  erosion  shield  that  protects 
approximately  the  same  area. 

Cost  of  the  B1  ade 

Installed,  incremental  costs  of  the  blade  are  estimated  to  be 
$450  per  blade,  based  on  similar  and  comparable  installations. 

Microwave  Coupler 

The  coupler  is  the  subject  of  Section  4.  Configurations  of 
recommended  couplers  are  illustrated  in  Figures  47  and  48.  These  couplers 
should  weigh  less  than  one  pound  each  and  cost  no  more  than  $250  each  in- 
stalled in  production  quantities.  Couplers  may  be  used  at  the  root  or  tip 
end  of  the  rotor. 

Distributor  and  Power  Divider 

The  power  divider  is  required  to  divide  the  power  from  the  micro- 
wave  source  into  two  equal  parts  for  distribution  to  the  two  blades.  Power 
dividers  are  relatively  common  microwave  devices;  their  technology  is  very 
well  developed.  Power  dividers  may  be  obtained  in  either  coaxial  line  or 
waveguide.  Coaxial  line  dividers  are  suitable  for  the  lower  microwave  fre- 
quencies (2,450  and  5,850  MHz),  whereas  waveguide  dividers  are  required  at 
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22,125  MHz.  A typical  coaxial  line  pov/er  divider  is  illustrated  as  the  tee 
connector  at  the  top  of  Figure  57,  extending  through  the  hub  of  the  rotor. 

TABLE  7.  WEIGHT  COMPUTATIONS  OF  MICROWAVE 
DEICER  BOOT  AND  EROSION  SHEILD 

Significant  Parameters 

1)  Width  of  Deicer  Boot  = 8.33  in 

2)  Length  of  Deicer  Boot  = 260  in 

3)  Base  Area  of  Deicer  Boot  = 2,165.8  in^ 

4)  Thickness  of  Nickel  Erosion  Shield  = .020  in 

5)  Density  of  Nickel  = .3219  Ib/in^ 

6)  Weight  of  Nickel  Erosion  Shield  = 14.2  Ib/blade 

7)  Density  of  Polyethelene  = .0344  1b/in^ 

8)  Density  of  Alumina  = .0980  Ib/in^ 


Assumed  Deicer  Boots  for  Weight  Calculations 


Composite  Blades 

Metal  Blades 

Alumina  Coating  .C25  in 
Thick,  Station  188  to  288 

Polyethelene  Coating  .050  in 
Thick,  Station  28  to  188 

Weight  of  Alumina  2.04  lb 

Weight  of  Polyethelene  1.97  lb 

Total  Weight  of  Boot  = 4.0  lb 

Alumina  Coating  .025  in 
Thick,  Station  91  to  288 
(195.6  in  long) 

Weight  of  Alumina 
Boot  = 4.0  lb 

Net  Savings  over  Nickel  Erosion  Shields 

14.2  - 4.0  1b  s 10  Ibs/blade 
or  20  lb/ two  blades 
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Power  is  carried  to  the  deicer  boot  and  coupler  through  the  flexible, 
stainless  steel  coaxial  lines  illustrated  in  Figures  57  through  59.  The 
flexible  coaxial  lines  accommodate  the  rotor  system  motions  for  both 
dynamic  and  static  conditions,  as  illustrated  in  Figure  58.  These  motions 
include  hub  flapping,  blade  feathering,  stretching  and  bending. 

It  is  believed  that  a similar  system  using  flexible  waveguide  can 
be  used  for  22,125  Wa.  A distributor  for  a radar  system  was  developed  for 
Bell  Helicopter  Company  several  years  ago  that  could  be  adapted  for  distri- 
butor service.  A photograph  of  this  distributor  is  oresented  in  Figure  60. 
It  is  presently  believed  that  this  distributor,  intended  for  radar  service, 
is  over-designed,  A photograph  of  a flexible  waveguide  distributor  for 
use  in  the  Bell  Helicopter  radar  system  is  given  in  Figure  61. 

Height  of  Distributor  Power  Divider 

The  estimated  weight  of  stainless  steel  power  dividers  and  distri- 
butors, including  fastening  hardware,  is  less  than  9 pounds. 

Installed  Cost  of  Power  Divider  and  Distributor  in  Production  Quantities 

The  estimated  cost  of  a coaxial  power  divider  and  distributor  is 
less  than  $850.  The  estimated  cost  of  a waveguide  power  divider  and  dis- 
tributor is  less  than  $4,500. 

FEEDER 

The  feeder  is  a long  section  of  either  coaxial  line  or  waveguide 
that  carries  microwave  energy  up  the  rotor  shaft.  A photograph  of  a wave- 
guide feeder  for  a radar  system  is  shown  in  Figure  62.  A 10-foot  long, 1-inch- 
diameter  coaxial  feeder  should  weigh  no  more  than  6 pounds  and  cost  less 
than  $850  installed  in  production  quantities.  A waveguide  feeder  is  esti- 
mated to  cost  no  more  than  $1,200  installed. 

MAIN  ROTARY  JOINT 

The  main  rotary  joint  provides  the  interface  between  the  fuselage 
and  the  rotating  rotor.  One  of  the  major  benefits  derived  from  the  use  of 
the  rotary  joint  is  that,  unlike  slip  rings,  it  has  no  contacting  parts  and 
should  provide  a maintenance-free,  highly  reliable,  long  life,  A photograph 
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Figure  58.  Coaxial  line  distributor 


gure  60.  Radar  system  distributor  adaptable  for  distributor  service 


waveguide  distributor  for  use 


of  a waveguide  rotary  joint  developed  for  helicopter  use  is  shown  in  Figure 
63.  This  rotary  joint  should  weigh  no  more  than  three  pounds  and  cost  less 
than  $650  installed  in  production  quantities. 

MICPOMAVE  GENERATOR 

A table  of  candidate  tubes  for  a microwave  deicer  is  presented 
in  Table  8.  An  outline  drawing  of  the  most  pov/erful  tube  on  the  list,  the 
YJ1191A,  5 kw  Magnetron,  is  presented  in  Figure  6^.  This  is  presented  as 
an  approximate  upper  bound  of  size  and  weight  for  all  tubes  in  the  2,450  MHz 
band.  Lower-power  tubes  are  considerably  smaller  and  weigh  less.  An  out- 
line and  photograph  of  the  Varian  VKU-7791  Series  is  presented  in  Figures 
65  and  66  to  convey  the  same  information  for  22  GHz  Klyst. ons. 

An  outline  of  a Varian  extended  interaction  oscillator  is  pre- 
sented in  Figure  67  for  use  at  22  GHz. 

Commercial  heating  tubes  in  the  2,450  MHz  band  are  relatively  in- 
expensive. It  is  unknown  how  these  tubes  will  behave  in  a military  environ- 
ment, i.e.,  whether  they  meet  the  requirements  in  MIL-E-5400.  One  approach 
to  gaining  some  statistical  insight  would  be  to  submit  a sufficient  number 
of  the  commercial  tubes  to  the  required  environment. 

From  the  manufacturer's  commercial  catalog,  2,450  MHz  Magnetron 
costs  can  range  from  $250  to  $500,  depending  on  power.  We  would  assume 
from  this  that  a ruggedized  tube  guaranteed  to  meet  MIL-E-5400  would  be 
estimated  at  less  than  $1  ,500  per  tube  in  production  quantities. 

An  Extended  Interaction  Oscillator  for  use  at  22,125  MHz  has 
been  quoted  as  $3,000  to  $4,000  per  tube  in  production  quantities.  The 
EIO  will  require  a heat  exchanger  estimated  to  be  an  additional  $500. 

We  estimate,  therefore,  that  the  tube  and  .heat  exchanger  will  cost  less 
than  $4,500  installed  in  production  quantities. 

POWER  SUPPLY 

A schematic  of  a power  supply  for  the  YJ1480  Magnetron  used  in 
commercial  applications  is  presented  in  Figure  68.  A photograph  and 
typical  dimensions  for  a power  supply  for  the  Varian  VKU-7791  Series  of 
Klystrons  conforming  to  MIL-E-5400  prepared  by  Keltec,  Florida,  is 
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Figure  63.  Waveguide  rotary  joint  develooed  for  helicopter  use 


TABLE  8.  PARTIAL  TABLE  OF  CANDIDATE  TUBES  FOR  MICROWAVE  DEICER 


FREQUENCY 

GHz 

TUBE 

TYPE 

POWER 
OUTPUT 
kw  (-v) 

COOLING 

EFFICIENCY 
nt  ^ 

VOLTAGE 
TYP 
KV  (-o) 

CURRENT 

TYP 

ma  (•'4 

NOMENCLATURE 

MFR 

WEIGHT 

LBS. 

2.45 

MAG 

0.75 

Air 

53 

4.5 

300 

QKH1777 

Ray 

12-18-'’ 

KLY 

3.0 

Liquid 

35 

9.0 

1 ,000 

VKU-7791A 

Var 

55 

12-18? 

KLY 

1.2 

Air 

30 

7.0 

800 

VKU-7791B 

Var 

55 

12-1 8-' 

KLY 

0.5 

Air 

25 

5.0 

500 

VKU-7791C 

Var 

55 

18-24 

KLY 

1.0 

Liquid 

11 

8.0 

— - 

VKK-7808A 

Var 

22' 

EIO 

1.0 

Liquid 

20-30 

= 10 

= 500 

VKQ-2435A 

Var 

15 

Can 

2.45 

MAG 

0.2 

Cond 

60 

1.65 

200 

7090 

Amp 

5 

2.45 

MAG 

.8 

Air 

60 

3.8 

350 

DX401 

Amp 

6.8 

2.45 

MAG 

.3 

Air 

60 

3.8 

350 

DX453 

Amp 

4.5 

2.45 

MAG 

1.2 

Air 

56 

5.6 

380 

DX206 

Amp 

9.0 

2.45 

MAG 

1.5 

Air 

59 

5.6 

400 

0X206F 

Amp 

9.0 

2.45 

MAG 

2.5 

Water 

59 

5.0 

850 

Yd  11 60 

Amp 

10.5 

2.45 

MAG 

2.5 

Air 

59 

5.0 

850 

YJ1162 

Amp 

16.5 

2.45 

MAG 

5.0 

Water 

57 

7.0 

1,250 

YJ1191A 

Amp 

12.5 

2.45 

MAG 

2.5 

Air 

66 

5.6 

680 

YJ1440 

Amp 

4.0 

2.45 

MAG 

1.4 

Air 

64 

5.9 

370 

YJ1480 

Amp 

4.0 

2.45 

MAG 

1.2 

Air 

52 

4.0 

570 

YJ1190 

Amp 

3.5 

2.45 

Triode 

0.18 

Air 

40 

1.4 

.32 

8940 

EIM 

2.0  Oz 

2.45 

Cross 

Field 

2.5 

Coolant 

41 

4.0 

1 ,500 

RW  619 

Warn 

17 

5.850 

Cross 

Field 

2.5 

Coolant 

37 

4.58 

1,460 

RW  620 

Warn 

17 

2.45 

MAG 

1.6 

Air 

54 

3.65 

800 

MCF1165 

CSF 

— 

2.45 

MAG 

5.0 

Water 

60 

5.2 

1,600 

MCF1327 

CSF 

-- 

^ Efficiency  improvement  to  20-30%  expected  by  collector  depression  techniques 
2 Requires  a low  power  driver  tube  also 


Ray  - Raytheon 

Amp  - Amperex 

MAG  - 

Magnetron 

Var  - Varian 

Warn  - Warr.ecke 

KLY  - 

Klystron 

Var  Can  - Varian  Canada 

CSF  - Thompson-CSF 

EIO  - 

Extended  Interaction 

EIM  - EIMAC 

Oscillator 

Cross  Field  - Cross  Field 

Oscillator 
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Figure  64.  2,450  MHz  YJ1191-A  Magnetron 
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presented  in  Figure  69.  This  pov/er  supply  may  be  considered  typical  for 
all  tube  types  considered  thus  far.  The  power  supply  is  estimated  to 
measure  less  than  7 in  x 4 in  x 12  in,  weigh  less  than  22  pounds  and  cost 
less  than  $1,300  each  in  production  quantities.  We  estimate  a cost  of 
$1,800  per  power  supply  installed. 

COCKPIT  CONTROL  PANEL 

The  control  panel,  ice  detectors  and  temperature  sensors  are 
estimated  to  weigh  less  than  five  pounds  total  and  cost  less  than  $1,000 
installed. 

COST,  WEIGHT  AND  POWER  REQUIREMENTS 

A summary  of  the  estimated  costs,  weights,  and  efficiencies  of 
microwave  deicers  at  three  operating  frequencies  is  presented  in  Table  9. 

RADAR  CROSS-SECTION  CONSIDERATIONS 

Only  a cursory  consideration  was  given  to  this  topic. 

After  examination  of  various  classified  reports  provided  by  the 
Army,  it  has  been  concluded  that  the  microwave  deicer  boots  are  not  funda- 
mentally in  conflict  with  radar  cross-section  reduction  techniques  presented 
in  those  reports  but,  in  fact,  may  perhaps  be  used  to  enhance  these  tech- 
niques. The  microwave  deicer  is  made  from  materials  that  can  be  made  to 
be  essentially  transparent  to  radar  signals.  A conceptual  illustration  of 
how  the  deicer  boot  can  be  made  to  be  transparent  is  illustrated  in  Figure 
70,  sketches  c and  d.  The  use  of  lossy  materials  under  the  surface  wave- 
guide can  be  used  to  absorb  radar  signals.  This  technique  may  have  dis- 
tinct advantages  in  this  respect  over  thermal  deicers,  which  must  use 
metallic  components  in  their  deicer  boots. 

DETECTABILITY 

This  topic  was  given  only  cursory  consideration. 

Figure  71  illustrates  the  atmospheric  losses  due  to  o>^gen  and 
water  vapor  that  are  available  to  reduce  the  detectability  of  the  micro- 
wave  deicer  if  22  GHZ  is  chosen  as  the  operating  frequency. 
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Klystron  Power  Supply 

Made  by  the  Kelt  c Florida  Company, 

a division  of  Aiken  Industries,  Inc. 

115V,  3 0,  400  hz 
Regulation:  2% 

Airborne  MIL-E-5400 
Approx  Size:  7"  X 4"  X 12" 

Approx  Weight:  22  lbs. 


Typical 

Shape 


Figure  69.  Power  supply  for  Varian  VKU-7791  series 


TABLE  9.  ESTIMATED  WEIGHT,  COST  AND  EFFICIENCY  OF  UH-1  HELICOPTER 
ROTOR  BLADE  MICROWAVE  DEICERS  FOR  THREE  DIFFERENT  OPERATING  FREQUENCIES 


Number  Required  I 

Operating  Frequency 

2,450  MHz 

5,850  MHz 

22,125  MHz 

Estimated  Cost 
Installed  (S) 

Estimated  Weight  In- 
crement Installed  (Lbs) 

Estimated 
Efficiency,  n 



Estimated  Cost 
Installed  (S) 

Estimated  Weight  In- 
crement Installed  (Lbs) 

Estimated 

Efficiency,  n 

Estimated  Cost 
Installed  ($) 

Estimated  Weight  In- 
crement Installed  (Lbs) 

Estimated 
Efficiency,  n 

Min 

Max 

Min 

Max 

Min 

Max 

Microwave 

2 

900 

(-20) • 

.85 

.9 

900 

(-20)1 

.85 

.9 

900 

(-20)’ 

.85 

.9 

Deicer  Boot 

(Two  Blades) 

Coupler 

2 

500 

2 

.75 

.95 

500 

2 

.75 

.95 

500 

2 

.75 

.95 

Power  Divider 

1 

850 

9 

.9 

.95 

850 

9 

.85 

4,500 

9 

.85 

.9 

Distributor 

Feeder  S 

1 

850 

10 

.9 

.95 

850 

10 

.85 

.9 

1,200 

10 

.85 

.9 

Interconnects 

Main  Rotary 

1 

650 

3 

.9 

.95 

650 

3 

.85 

.9 

650 

3 

.85 

.9 

Joint 

Microwave  Tube 

1 

1,500 

4.52 

,55 

.6 

1,500 

20^ 

.35 

.4 

4,500 

18“ 

.2 

.3^ 

& Mount 

Power  Supply 

1 

1,800 

22 

.85 

.9 

1,800 

22 

.85 

.9 

1 ,800 

22 

.85 

.9 

Pilot's  Control 

1 

800 

5 

800 

5 

800 

5 

Panel 

TOTALS 

7,850 

35.5 

.217 

.395 

7,850 

51 

.116 

.224 

15T)00 

49 

.060 

.168 

Titaniuni  Equiv. 

Power  Use  (W) 

280 

150 

500 

275 

900 

300 

Teflon  Equiv.  Power  Use  (W) 

450 

240 

300 

420 

1400 

570 

‘ There  is  a net  savings  in  weight  since  the  dielectric  deicer  boot  replaces  the  pre- 
sent nickel,  stainless  steel  or  other  metallic  erosion  shield. 


^ Assumes  a YJ1190  tube  at  3.5  lbs. 

^ Assumes  a cross  field  oscillator  at  17  lbs. 

Assumes  an  EIO  and  coolant  at  15  lbs. 

^ Assumes  EIO  oscillator  utilizing  collector  depression  technique  to  improve  efficiency. 
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Frequency,  kMc 


Figure  71.  Composite  o^o'gen  and  uncondensed  water-vapor 
absorption  at  sea  level 
(excerpt  from  Reference  34  ) 


e N.  Krassner  and  Jackson  V.  Michaels.  Introduction  to  Space  Com- 
on  Systems.  New  York:  McGraw-Hill  Book  Company. 
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Deicers  in  general  are  seldom  on;  they  are  turned  on  during 
icing  conditions  only  and  then  only  at  the  discretion  of  the  pilot.  Any 
radiation  from  the  deicer  will  be  unintentional;  the  design  will  be  such 
as  to  eliminate  or  minimize  radiation;  all  attempts  will  be  made  to  insure 
that  the  rotor  is  not  a good  antenna.  Such  measures  will  combine  to  pro- 
duce. a low  probability  of  being  intercepted  by  a high-gain,  scanning,  enemy 
receiver. 


Climate  conditions  that  exist  when  icing  occurs  are  the  same  as 
those  that  provide  some  attenuation  of  microwave  signals.  In  addition, 
deicers  that  operate  at  22,125  MHz  fall  in  the  oxygen  water  vapor  absorp- 
tion bands  where  any  leakage  signal  will  undergo  heavy  attenuation, 
practically  eliminating  the  probability  of  intercept. 
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APPENDIX  A 

SURFACE  WAVEGUIDE  THEORY 


R ■ 


s 


The  wave  solutions  to  Maxv/ell's  equations  in  the  semi -infinite 
dielectric  slab  of  Figure  A-1  may  be  divided  into  transverse  magnetic 
(TM)  modes  and  transverse  electric  (TE)  modes  with  even  and  odd  symmetry 
of  the  transverse  components  about  the  x = 0 plane.  The  field  equations 
for  the  TM  and  TE  modes  are  given  in  Equations  A-1  through  A-IS.^ 

Tangential  fields  at  x = d are  equated,  resulting  in  the  con- 
tinuity relations: 


TM: 


izl 


x=d 


-n 


TE: 


x=d 


-yi 


x=d 


^2 


x=d 


TM  Modes 

The  relations  for  TM  modes  with  even  symmetry  of  transverse 
magnetic  components  are: 


TM  Even  < 


E^i  = A sin  k^x 


wen 


,1  -jwe-iA 

”yi.  = — ^xl  ” T— 


-Kj,(x-d) 


2 ” Ce 


u)Cn  -jweoC  -K  (x-d) 

H = — - F = — e ^ 


y2  6 "xZ  K, 


X 


(A-1) 

(A-2) 

(A-3) 

(A-4) 

(A-5) 


^Ramo,  Whinnery  and  Van  Duzer,  Fields  and  Waves  in  Communication  Elec- 
tronics , New  York:  John  Wiley  & Sons,  1965. 
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The  relations  for  TM  modes  with  od<^  symmetry  of  transverse  magnetic 
components  are: 


TM  Odd 


= B cos  k^x 

-j  jo)C  1 B 

"yl  = T =xl  = — 
Other  components  have  the  same 

'<x  = - if  ''x  '^x'’ 

^ * 


(A-6) 


kxX  (A-7) 

form  as  A-3  and  A-4  for  region  2. 

(A-8) 


'm 


TE  Modes 


The  relations  for  TE  modes  with  even  symmetry  of  the  transverse 
electric  components  are: 


H21  = 0 sin  k^x 


-(up,  ja)P-|D 

^1  = — “xl  = T—  '‘x* 


TE  Even  < 


Hz2  = Fe 


•Kz(x-d) 


WPo  jwPo  "k  (x-d) 

F £ H = - Fe  ^ 

S2  3 '^x2  K 


^ '^x  tan  k^d 


(A-9) 

(A-10) 

(A-11) 

(A-12) 

(A-13) 


The  relations  for  TE  modes  with  0^  synmetry  of  transverse  electric 
components  are: 
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= E cos  k^x 


(A-14) 


TE  Odd  < 


=yl  = V «xl 


-jwy-jE 

sin  kj^x 


(A-15) 


Other  components  have  the  same  form  as  A-11  and  A-13  for 


region  2 


= — k cot  k d 

X p-|  X X 


In  these  relations, 


k ^ = k,^  - > 0 

X 1 


K ^ - ^2^  > 0 


where 


ft  - k = ^.  k.  = — 

6-Xg>  '‘I  X,-  >^2  X2 

Determination  of  Eigenvalues 

From  A-17  and  A-18  we  may  write 

(k  d)^  = (k,d)^  - (Bd)^ 

A * 

(K^d)^  = (Bd)^  - (k2d)^ 

Adding  (A-19)  and  A-20  gives 

(k^d)^  + i\d)^  = (kid)^  - 
This  is  the  equation  of  a circle  of  radius  equal  to 

yik^d)^  - (k2d)'^ 


(A-16) 


(A-17) 

(A-18) 


(A-19) 

(A-20) 


(A-21 ) 


in  the  k^d,  plane. 
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For  the: 


TM 

Even  mode  Eq 

. A-5  ; 

<v>  = 

£,  . 

xd  tan  kxd) 

TM 

Odd  mode  Eq. 

A-8  ; 

(-- 

k d cot  k d 

A A 

TE 

Even  mode  Eq 

. A-13; 

(K,d)2  = 

(y 

tan  k d)^ 

A 

TE 

Odd  mode  Eq. 

A-16; 

(V)2  = 

(-V 

cot  k d)^ 

A 

Substituting 

(22a,b,c,d) 

into  (21)  gives 

For  TM  Even 

(kxd)^  +(^kxd  tan  kxd)^  = (k^d)^  - (k^d)^ 

For  TM  Odd 

(kxd)^  + (-  ^ k^d  cot  kxd)^  =(k^d)^  - (k^d) 

For  TE  Even 

(kxd)^  + (kxd  tan  kxd)^  = (k^d)^  - (k2d)^ 


For  TE  Odd 

(kxd)^  + (-kxd  cot  kxd)^  = (k^d)^  - (k2d)^ 

ky  can  now  be  solved  for  by  successive  approximations.  Let 
/\ 

B s (k^d)^  - (k^d)^ 

Let  AA,  AB,  AC  and  AD  be  defined  as  follows: 

TM  Even:  AA  = (k  d)^  + ( — k^d  tan  k^d)^ 

A ' G ^ ^ ^ / 

TM  Odd  : AB  = (k^d)^  + (-  ^ k,d  cot  k^d)^ 

\ G 1 A ^ / 

TE  Even:  AC  s (kxd)^  + (kxd  tan  kxd)^ 

TE  Odd  : AD  = (kxd)^  + (-kxd  cot  kxd)^ 
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Hdving  solved  for  k we  can  solve  for  K from  equations  A-22  a,b,c,d,  solve 

X X 

for  a from  equation  A-17  using  the  value  of  k satisfying  equations  A-23  a,b,c,d. 

X 

Cut-Off  Frequencies 

Cut-off  occurs  whenever  K =0  since  this  is  the  condition  of  inter- 

X 

section  of  the  curves  A and  B on  the  K d = 0 axis  (see  Reference  1,  page  472) 

X 


and  from  equations  A-5,  A-8, 

A-13  and  A-16. 

TM  Even: 

tan(k^d)  = 0; 

k^d  = nit 

(A-26a) 

TM  Odd  : 

cot(k  d)  = 0; 

X 

k^d  = (2n+  1)  f 

(A-26b) 

TE  Even: 

tan(k  d)  - 0; 

X 

k d = nir 

X 

(A-26c) 

TE  Odd  : 

cot(k  d)  = 0; 

X 

k^d  = (2n  + 1)  J 

(A-26d) 

where  n = 0,1 ,2,3,etc. , from  which  the  cut-off  frequency  for  each  mode  type 
is  (see  Section  1 ): 


TM  Even: 


TM  Odd  : 


f = — , ; n = 0,l,2,3,etc 

2d>^1  - £2 

f = ^ ; n-0,l,2,3,etc 

2d-yei  - g2 


TE  Even: 


TE  Odd  : 


nc 


n = 0,1 ,2, 3, etc 


n = 0,1 ,2, 3, etc 


(A-27a) 


(A-27b) 

(A-27c) 


(A-27d) 


^R.  Collin,  Field  Theory  of  Guided  Waves,  New  York:  McGraw-Hill,  1960. 
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POWER  TRANSFER 


Pov.'ar  Trans ier  for  TM  Even  Modes 

For  TH  even  modes  from  Equations  A-2  and  A-4, 

■ ^x2  _ $ _ , 

Hyi  " (oe^  " nWl  ’ Hy2  ue2  " TM2 


(A-29) 


Pov/er  Transfer  Inside  Dielectric 

The  axial  component  of  the  average  Poynting  vector  is  one- 
half  the  product  of  the  transverse  field  magnitudes. 


Wj  = r \ Re[E  X H*]^  ds 
-'cs 


(A-30) 


i r iEji  |H^|  ds 

cs 


(A- 31) 


■M  f |„j2as 

*^CS 


(A-32) 


The  power  transfer  inside  the  dielectric  from  Equation  A-2  for  Hy-j  = is 


W. 


^TMl 
TMIE  " 2 


/ 

*'csl 


j-jwe-lA 


k„  "xX 


ds 


(A-33) 


^TMl  ' 


f)4 


cos  k xildx 

A 


(A- 34) 


where  iidx  = ds  , 


Explanation  of  subscripts:  TM  = Transverse  Magnetic 

1 = Dielectric  1 
E = Even 
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/ a\2  r • ot  1 x=d 

^TMI  hA  „ X . 2k^x 

”tMIE  ~ 2 \ kJ  ^ 2 4k^ 

\ ^ ^ x=0 


(A- 35) 


(or  x=-d  to  +d  for  a slab  of  thickness  2d) 


_ ^TMI  „ fd  . ^^*^x 

^TMIE  “ 2 \ l<x  / *■  P 


(A- 36) 


From  Equation  A-34  the  power  density,  p,  as  a function  of  x is 


^TMI  2,.  .. 

Pi  - —(-17]  V 


(A-37) 


Similarly  the  power  transfer  outside  the  dielectric  from  Equation  A-5  is 


TM2E  2 


V 


(A-38) 


From  Equation  A-5, 


-j(oe2C  -K^(x-d) 


(A- 39) 


^TM2 


'■TM2E  " 2 I K 


f ■ / 


-2K  fx-d) 
e dx 


(A-40) 


Let  y = -2K^(x-d),  then  dx  = dy/(-2K^) , 


, _ ^TM2  r^2^ 

TM2E  “2  I K„ 


,+y  -Jb 


(A-41) 
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(A-42) 


W., 


TM2E 


7M2E 


7M2E 


TM2E 


'^TM2E 


^TM2  1 

/u)£^C 

2 ' 

Ux 

^TM2  j 

^(t)C2C 

2 1 

[ K 

^TM2  1 

/ 0JG2C 

2 ' 

"TM2  / 

^ a)e2^ 

2 \ 

^TM2  1 

^(OGpC 

2 ' 

^ ^ dy 


F2K7  j 


y2=" 

yi=o 


-2K  (x-d)' 
x'  ' 


n x=“ 
x=d 


TO  [-'3 


z 

2K 


(A-42a) 

(A-43) 

(A-44) 

(A-45) 


The  power  density  as  a function  of  x outside  the  dielectric  is  from 
Equation  A-40 

.2 

I x-n  j 

(A-45) 


W 


^2  " zdx  2 
Total  Power  Transfer  is 


TM2E  ^TM2 

e 


K. 


^TM  " ^TMIE  %2E 


The  ratio  of  power  in  dielectric  1 to  that  in  dielectric  2 is 

^TMIE 

^M2E 


The  ratio  of  power  transferred  in  dielectric  1 to  power  transferred 
in  dielectric  2 is 


'^TMIE 

^TM2E 


ZtmI 

2 

1 

1 ^ 

'd  ^ ='"2dk; 

L'  J 

^TM2  ( 

^0)620^ 

2 

1 »/2K, 

2 ' 

V^x  J 

(A-45a) 
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^TM2E 


(A-45b) 


From  Equations  A-1  and  A- 3 v/hen  x = d» 


%1E 

'^TM2E 


A sin  k d = C 

A 


Power  Transfer  for  the  TM  Odd  Modes 

, = _6_  . , = _1_ 
nMl  ue-,  ’ TM2 

Inside  the  Dielectric  : 


(A-45c) 


(A-46) 


(A-46) 


(A-48) 


(A-49) 
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The  power  density  from  Equation  A-49  is 


'^TMIO  ^TMl 


~ Jidx 

Outside  the  Dielectric: 


FMl  . 2. 


(A- 


W. 


-TM2 


TM20 


J l"t 


ds 


(A-! 


Ht  = Equation  A-4,  integration  was  already  performed  in 

Equation  A-42a. 

2 

TM2  ( ‘"'■2^  \ _±_ 

2K„ 


W 


TM20  2 


K., 


The  power  density  as  a function  of  x outside  th^^  dielectric  is 


W. 


TM20 


^2  " Jidx 


^TM2  -2Kj^(x-d) 


Power  Transfer  for  TE  Even  Mode 


Inside  the  Dielectric; 


W, 


'TE1 


7E1E  2 
From  Equation  A-10, 


J 


ds 


^tl  " ^yl 


- -HI 

“'tEIE  " 2 


/, 


I joju-iD 

— cos  k^x 


cs  X 


ds 


-< 

m 

7a)U-|D  N 

2 

sin  2dk^-| 

2 

kx 

X 

i 

1 

The  power  density  is 


(A-57) 


(A-58) 


(A-59) 


W. 


TEIE  _ ^TEl  2 


P]  “ 2,dx  ■ 2 

Outside  the  Dielectric  : 


T~  I *^x^  ’ 


^TE2E  ■ 2 \ \ / 2K^ 


The  power  density  outside  the  dielectric  is 

2 


_%2E  'TE2  r"2 


Po 


«,dx 


(OPc 


F\  -2K  (x-d) 


K. 


(A-60) 


(A-61) 


(A-62) 
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Power  Transfer  for  TF  <^dd  '^'ode 

Inside  the  Dielectric  (from  equal  ion  15): 


e 


'TE1 


-WMi 


'TE2  -wy. 


'TEl 


TE10 


C 

ics 


lE. 

I t 


ds 


From  Equation  A-16, 


ds  = Jldx 


TEIO 


W. 


^TEIO 

The  power  density  is 


''tei 

f 

-jojy 

lE 

sin  k X 

A 

■ 2 

J CS  ! 

1 a)y-|E' 

u 

d 

sin  2k^d1 

“ 2 

"x  ■ 

1 ^ 

'"‘x 

J 

ndx 


%10  %1  ^.2.  ^ 
•’l  ■ Jldx  2 V k„  ) V 


Outside  the  Dielectric: 


'TE2 


TE20 


wy  9F 


2M 


Power  density  as  a function  of  x outside  the  dielectric  is 

^TE20  ^TE2  "^K^Cx-d) 

P9  = I I e 


K 


(A-63) 

(A-64) 

(A-65) 

(A-66) 

(A-67) 

(A-68) 

(A-69) 
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Summa'ry  of  the  Power  Transfer  Equations  for  the  TM  Even  Modes 


-TMl  ■ we^  ’ ^TM2  ~ 


TM-|^  Inside  Dielectric: 


7M1E 


PJMIE 


' . sin2dk 

d , X 

V k / *■ 

? 4k 

\ y.  ' 

L X J 

"TMl  /“^l 


2 

COS  k X 

A 


TM2£  Outside  Dielectric: 


-TM2 


TM2E 


2K. 


'TM2 


'TM2E 


coe 


K 


-2yx-d) 


Ratio  of  power  transferred  inside  dielectric  to  power  transferred 
dielectric : 


/if 

'd  . 

%1E  _ ^1  \^yJ 

[2  J 

TM2E 


sin  kyd 

A 


X- 


/2K 


Summary  of  the  Power  Transfer  Equations  for  the  TM  Odd  Modes 
Inside  Dielectric: 


%10 

PTMIO 


^TMl 

2 


'd  Sin2k^d' 

Ux  / ' 

b'  '"^x  J 

• 2. 

sin  k^x 


(A-70) 

(A- 71) 
(A-72) 

(A-73) 

(A-74) 

outside 

(A-75) 

(A-76) 

(A-77) 
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Outside  Dielectric: 


r 


'TM2 


'TM20 


“^2^\  I 


\ I ^ 


z-j.j^2  -2K^(x-d) 

PtM20  "2  V K„  / ® 


The  ratio  of  power  transferred  in  dielectric  1 to  dielectric  2 ' 


W. 


TMIO  ^1 


/if 

d 

sin2k  d 

A 

? ' 

'"‘x  J 

'^TM20  ^2 


= R 


cos  k d 

A 


TM. 


I2K 


Summary  of  the  Power  Transfer  Equations  for  the  TE  Even  fiodes 


6 


; V, 


3 


'TEl  -ojpi  ’ TE2  -0)^2 
Inside  Dielectric 


r W 


%1 


f 

d ^ 

sin2dkj^“ 

) ' 

2^ 

'•'x  J 

TEIE 


Y^Ei  2, 

^TEIE  "2  \ k„  ) 


Outside  Dielectric 
W 


YfE2  ^ 


TE2E  2 

Yje2  ^ -2K^(x-d) 


TE2E 


K. 
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(A-78) 

IA-79) 

(A-80) 

(A-81) 

(A-82) 

(A-83) 

(A-84) 

(A-85) 


L 


Suinniary  of  the  Power  Transfer  Equations  for  the  TE  Odd  Modes 
Inside  Dielectric: 


7E10 


TEIO 


■TEl 

d 

sin2k  d" 

X 

2 \ kv  j 

2 ■ 

4k„ 

\ X / 

X J 

Yte, 


2 

sin  k X 

A 


Outside  Dielectric: 
Y 


W 


TE2 


TE20 


l 

2K. 


Yte2  /-U2FY  -2K,(x-d) 
I ‘’TE20  ■ "T~  Ik.)® 


^TEIO 

%20 


" , sin2dk 

d X 

Uv  ) 

2 4k 

\ X / 

L X J 

= R 


cos  k d 

A 


TE. 


/2K, 


(A-86) 


(A-87) 

(A-88) 

(A-89) 

(A-90) 

(A-91) 
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LOSSES 


Losses  Due  to  Imperfectly  Conducting  Boundaries 

(when  boundaries  exist  - conducting  boundaries  do  not  exist  in 
dielectric  slab  lines.) 


“l1  = T / 


dJ, 


For  TM  Even  Modes 


■yi 


-ja)e-|A 


k V 


a \ o 

T7)  '‘x” 


For  TM  Odd  Modes, 


VI 


Joje-jB 

sin  k.x 


Kx  ■ ” 


2 - 0^2 

(jOCt  D \ r\ 


For  TE  Even  Modes, 


•zl 


D sin  k X 

A 


777 
= D sin  k^x 

A 


For  TE  Odd  Modes  , 


2 , 

H 1 

2 ^ 

E cos  k X 

t 

zl 

X 

^ = E^cos^k  X 

A 


For  the  TM  Even  Mode  , 

\l 

«s  “ (A-92) 

The  surface  current  is  computed  from  the  tangential  magnetic  field  at 
the  surface;  or  when  x = 0, 


'^Tl  " '^TMIE 
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2 


22 


TMl 


/.c^A\ 

"d  ^ ='"2*xl 

U J ^ 

[2  '1^  J 

“s 


7 ''s 


. sin2dk  "I 

^^TMl 

d X 

J 

(A-93) 


where  is  the  ratio  of  power  lost  per  unit  length  in  the  surface  con- 
ductor to  the  power  transferred  in  the  dielectric  slab. 


For  the  TM  odd  mode  and  TE  even  mode  since  sin  k x = 0 when  x = 0, 

X 

= 0 and  the  attenuation  due  to  imperfect  boundary  conduction  is  zero. 

For  the  TE  Odd  Mode, 

W. 


11 


2W 


T1 


when  X = 0 


Yl 


E^  da  = i 


^''tI  ^TEIO 


1 


2Y 


TEl 


/™,e| 

'd 

Ux  / 

[2  4k,  J 

“s 


2Y 


TEl 


d 

sin2k  d' 

A 

Itt] 

2 " 

'"<x  J 

(A-94) 
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where  is  the  ratio  of  the  power  lost  per  unit  length  in  the  surface  con- 
ductor to  the  power  transfer  in  the  dielectric  slab. 

Note  that  when  the  conducting  plane  at  x = 0 is  removed  in  the 
TM  even  and  TE  odd  modes,  there  is  no  loss  due  to  an  imperfect  conductor. 
Loss  is  due  only  to  an  imperfect  dielectric,  which  is  treated  elsewhere. 

Attenuation  in  Lossy  Dielectric 

The  attenuation  constant  of  a wave  traveling  along  a uniform  sys- 
tem may  be  written  as  (Reference  2,  page  42): 


where  Wj  is  the  average  power  transfer  and  is  the  average  power  loss  in 
the  line  per  unit  length  due  to  dielectric  heating. 

The  dielectric  loss  per  unit  length  in  the  z direction  for  the  TM 
even  modes  is: 


Wr 


’DTMIE 
Since  ds  = £dx  here, 


■¥/i 


iE„r  ds 


W, 


Od<l 


DTMIE 


■/' 


|E^i|2  dx 


From  Equation  A-3, 


WGi  A 

1^x1 1 " ^TMl  ‘ “k~  ’ *^x^ 

X 


so 


'^DTMIE  " 


2 

^TMl 


2Ramo,  Whinnery  and  Van  Duzer,  Fields  and  Haves  in  Communication  Elec- 
tronics. New  York:  John  Wiley  & Sons,  1965. 
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w 


0^1 


DTM1E 


■TM1 


we-|  A 


d , 

2 4k. 


(A-95) 


W 


Now  let  a 


DTMIE 


TMl  2W. 


TM1E 


From  Equation  (71)  for  W-|-|v|i^) 


a .2.  „ 

. z ^ 

2 ^TMl 


*TM1 


“^1^\  /d  sin2k^d 


2 


4k. 


X 


2 • 2 


-TMl 


we-jAx-^/^  Sin2k^d 
~T~ I \2  4k. 


®d^TMl 


"TMl 


and  since  = m-,  tano  and  Ztmt  = » this  becomes 

u I IMI  (oe-j 


""TMl  " 1 <^^1 


(A-96) 


Now  our  attenuation  constant  a is  defined  by 


= DTMl E 

“TMIE  ^TM2E^ 


(ne^) 


W 


DTMIE 


^TMIE  ^ ^ 

’ ■'TME  'J 


W 


since  W 


TMIE 


TM2E  R 


TME 


from  A-75 


W 


DTMIE 


TMIE  ,,,  /,  ^ 1 

^^TMIE  R 


TME 
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(A-97) 


‘TM1 


'TMIE 


(’*4) 

(Note  that  when  the  power  ratio  is  very  large, 
Then  the  attenuation  constant  in  {^)  will  be  given  by: 

= 8.686 

For  the  TM  odd  mode: 


'^WllO  ^ 2 J l^ll^  ~ ~T~f  1^x1 


V 2 

2 ■ ^TMl 


/ojc,B\2  rd 


V 2 /d  sin2y^ 

2 ^TMl  • [-r-J  • ^2  - “Tk—; 


“tmi • ^ 


(A-98) 


from  A- 7 


(A-99) 


®d^  2 

''^DTMIO  _ ^ \ 


1^f/d 


4 k, 


‘TMl  2W 


TMIO 


2 • £ . 


-TMl 


2 ■ 4k 


from  A- 76 


“TMI  ~ 2 ^d  ^TMl  ~ ? “^1  ~ ^ 


. _3_  _ 1 


(A- 100) 

(Note  that  is  the  same  for  both  the  TM  even  and  odd  modes.) 

And, we  will  have  the  attenuation  constant  again,  in  nepers  per  inch: 


W 


DTMIO 


TMIO  " W 


“TMl 


TMIO  ^^TM20^ 


0 ^ R ) 

^ '^TMO  / 


(A-101) 
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or  converted  to  decibels  per  inch, 


»Tmo(i  ' • “imom 


For  the  TE  even  and  odd  modes,  we  will  similarly  have 

,2 


W, 


a^i  /wPiD 


DTE  IE 


. sin2k„d 

d + L 

2 4k.. 


o.i.  /wmiE 


W 


DTE  10 


d ='"2^ 
■ 4k.. 


since  Y 


TEl 


e 

a)Pl 


W 


DTE  IE 


TEl  2WjE1E  2Ttei 


— ^ — tan6  = tan6 


%E10  "d 
“TEl  = - 2Yt„- 


w^e-iWl  k-j 

— tan6  = tan6 


Once  again,  is  the  same  for  both  the  TE  even  and  odd  modes 
for  the  attenuation  constants  v/e  will  have: 


W, 


DTEIE 

“TEIE  - 


TEl 


TEIE  TE2E'  1 + 


(’  " Rtee  ) 


in 

in 


W, 


DTEIO 


^ ^ TEl 

“TEIO  2(Wy^^Q  + Wyg20^  ?1  + 

\ i^tEO  I 


in  »epers 

in 


(A-102) 

(A-1031 

(A-104) 

(A-105) 

(A- 106) 
and  i 

(A- 107) 
(A-108) 
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and  finally, 


“TEIE 

“TEIO 


in 


S*6S6  * ^TEIE 


nepers 

in 


in 


8.686 


“TEIO 


nepers 

in 


Cutoff  Frequency  Calculations 


n_ 

2d 


f 


c 


nc 


^2 


e 


0 


nc 


n=0,1 ,2,3,... 


(A-ni) 


Similarly  for  odd  modes,  n is  replaced  by 


2n-l 


or 


2n  - 1 


n = 1 ,2, 3, 4, etc. 


Equations  A-1 11  and  A-112  may  be  rev/ritten  as  follows; 


fc  = 


Nc 


2(2d) 


- Gy 


(A-112) 


(A-113) 


where  N = 0,2, 4,6,. . . ,etc,  for  even  modes  and  N = 1 ,3,5,7,. . . ,etc,  for 
odd  modes. 


TABLE  OF  SYMBOLS  FOR  APPENDIX  A 


A,B,C,D,E  are  arbitrary  amplitude  constants  used  in  Equations 

A-1  through  A-16 


Velocity  of  light  in  free  space 

Thickness  of  dielectric  slab  as  defined  in  Figure  A-1 

Electric  field  intensity  in  direction  i,  in  dielectric 
region  j 

Transverse  electric  field  intensity 
Transverse  electric  field  in  region  i 
Base  of  common  log 


F Arbitrary  constant  defined  in  Equation  A-24  for  con- 

venience in  successive  approximations 

FA,FB,FC,FD  Arbitrary  constant  used  in  Equations  A-25a  through 

A-25d  for  convenience  in  successive  approximations 

f frequency 

f^  Cut-off  frequency  of  surface  guide 


Magnetic  field  intensity  in  direction  i,'in  dielectric 
region  j i 


Transverse  magnetic  field  intensity 


Transverse  magnetic  field  in  region  i 


k Eigenvalue  for  electric  and  magnetic  fields  inside  the 

^ dielectric  material 

K Eigenvalue  for  electric  and  magnetic  field  outside  the 

^ dielectric  (in  air) 

k.  Phase  constant  of  plane  wave  in  dielectric  i • 

1 ^ 
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TABLE  OF  SYMBOLS  FOR  APPENDIX  A 
(Continued) 


n Integer 

N Even  integer  for  even  modes  --  odd  integer  for  odd 

modes 


’^TMm 


'^TEm 


R 


s 


Ratio  of  power  transferred  inside  dielectric  slab  to 
power  transferred  outside  of  dielectric  for  the 
transverse  magnetic  mode  (m  = E for  even  and  0 for 
odd) 

Ratio  of  power  transferred  inside  dielectric  to  that 
transferred  outside  dielectric  for  the  transverse 
electric  mode  (m  = E for  even  and  0 for  odd) 

Surface  resistivity  of  boundary  conductor 


Power 


‘TMlm 


TElm 


\i 


VI 


DTMlk 


W 


DTElk 


Power  transferred  by  the  TM  mode  in  region  1,  m is 
E for  even  modes  and  0 for  odd  modes 

Power  transferred  by  the  TE  mode  in  region  1,  m = E 
for  even  modes  and  0 for  odd  modes 

Power  loss  in  region  i 

Average  power  loss  in  line  per  unit  length  due  to 
dielectric  heating 

Average  power  loss  in  line  per  unit  length  due  to 
dielectric  heating  for  the  TM  mode  in  region  1;  k = 
E for  even  mode  and  0 for  odd  mode 

Average  power  loss  in  line  per  unit  length  due  to 
dielectric  heating  for  the  TE  mode  in  region  1;  k = 
E for  even  mode  and  0 for  odd  mode 


x,y,z 


Rectangular  coordinates 


'TEk 


Admittance  of  TE  modes  in  region  k 
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TABLE  OF  SYMBOLS  FOR  APPENDIX  A 
(Continued) 


Impedance  of  transverse  magnetic  modes  in  dielectric 
region  k 


a Attenuation  constant 


Attenuation  constant  due  to  imperfect  conducting  boundary 


Attenuation  constant  of  the  TM  mode  in  region  i 

a_p..  Attenuation  constant  of  the  TE  mode  in  region  i;  j = 

^ E for  even  mode  and  0 for  odd  mode 

g Phase  constant  of  surfdce  wave 

tano  loss  tangent  of  dielectric 

c.  Dielectric  constant  of  region  i.  When  noted,  this  term 

will  be  used  interchangeably  with  the  relative  dielectric 
constant 

Cq  Dielectric  constant  of  space 

Wavelength  of  plane  wave  in  dielectric  i 
Ag  Guide  wavelength  of  surface  wave 


Permeability  of  region  i --  when  noted,  this  term 
used  interchangeably  with  relative  permeability 


IS 


Permeability  of  space 


Power  density  in  region  i 


Oj  Conductivity  of  dielectric 


0) 


Radian  frequency  = 2nf 
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APPENDIX  B 


MICROWAVE  POWER  REQUIRED  TO  SHED  ICE 
ENERGY  REQUIRED  TO  SHED  ICE 

Referring  to  Figure  B-1,  the  energy  (in  calories)  required  to 
heat  the  ice  from  the  blade  equilibrium  temperature,  T^,  to  the  shed 
temperature,  T„,  at  which  the  ice  adhesion  bond  is  broken,  is  given  by: 

dQ  = (T^  - Tg)k^cd  L dr  (B-1) 

where 

c = specific  heat  of  ice 

Tg  = equilibrium  temperature  of  blade  skin 

= temperature  at  which  ice  will  shed 

d,  L and  r are  defined  in  Figure  B-2 
k^  = density  of  ice 

This  actually  is  a conservative  estimate  of  heat  energy  required 
since  it  assumes  that  the  entire  ice  layer  of  thickness  d must  be  elevated 
in  temperature,  whereas  only  the  thin  adhesion  layer  of  ice  adjacent  to 
the  blade  skin  must  be  elevated 

ICE  REJ^IOVAL  FORCE 

The  centrifugal  ice  removal  force  acting  on  the  element  of  ice 
in  Figure  B-2  is: 


fg(r)  = k^d  L Ar 

where  d L Ar,  as  defined  in  Figure  B-2,  is  the  volume  of  the  ice  element  and 
k-|  is  the  density  of  the  ice.  w is  the  angular  velocity  of  the  blade  in 
rad/sec,  and  r is  the  radius  of  the  ice  element,  as  illustrated  in  Figure  B-2, 
in  cm. 


gm-cm 

sec^ 


or  dynes 


(B-2) 
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microwave  energy  dissipates 


Figure  B-1 . Typical  ice  build-up  on  UH-1  blade 


FORCE  REQUIRED  TO  BREAK  THE  ICE-TO-BLADE  ADHESION  BOND 


From  Stall abrass,  the  force  required  to  break  the  ice  adhesion 
bond  is  a function  of  the  adhesion  layer  temperature,  T^;  as  the  ice 
temperature  increases,  the  ice  removal  force  decreases. If  a linear 
approximation  relating  ice  removal  force  with  ice  temperature  is  used, 
then  the  ice  removal  force  in  dynes/cm^  for  the  element  of  ice  is: 


F 

f 

f 


sb 

sb 

sb 


= pTg(r)  + s 


(r)  = 


(r)  = (pT^(r)  + s)LAr 


(B-3) 


where  p and  s are  constants  related  to  the  material  of  the  blade.  Values  of 
p and  s established  by  making  linear  approximations  to  curves  measured  by 
Stallabrass  (Reference  31,  Figures  3-7)  are  given  in  Table  B-1. 


TABLE  B-1 . MATERIAL  CONSTANTS 


MATERIAL 

P 

xlO" 

s 

xlO'* 

s/p 

^2 

^3 

65ST  Aluminum 

-15.6 

- 75 

4.81 

-3,487 

-14,901 

- 6,285 

Stainless  Steel 

- 6.96 

- 30 

4.31 

-7,816 

-15,633 

- 7,017 

Titanium 

-11.43 

- 69 

6.036 

-4,760 

-13,109 

- 4,493 

Teflon 

- 5.84 

0 

0 

-9,315 

-21,935 

-13,319 

Vi  ton 

-22.84 

-165 

7.224 

-2,382 

-11,341 

- 2,755 

^^O.R.  Stallabrass  and  R«D.  Price.  "On  the  Adhesion  of  Ice  to  Various 
Materials,"  National  Research  Laboratories,  July  1962. 
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ICE  TEMPERATURE  THAT  MUST  BE  OBTAINED  TO  SHED  ICE 


The  ice  adhesion  bond  will  break  when  the  centrifugal  force 
Equation  B-2,  is  equal  to  the  force  required  to  break  the  bond,  or: 


k-idtu^rAr  = (pT^(r)  + s)Lar  dynes  (B-4) 

Solving  for  T^(c) : 

kidoj^r 

T / ^ _ 1 S 


An  ideal  situation,  but  one  that  may  be  impractical,  is  to  de- 
sign the  deicer  so  that  energy  is  distributed  in  such  a way  that  T^(r) 
is  reached  simultaneously  at  all  values  of  r.  Ideally,  when  this  is 
reached,  all  the  ice  will  shed  simultaneously. 


— 
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ENERGY  REQUIRED  TO  SHED  THE  ICE  ASSUMING  THAT  THE  SKIM  TEMPERATURE  OF 
THE  BLADE  IS  AT  AMBIENT  ' 


The  blade  temperature  will  normally  assume  an  equilibrium  tempera- 
ture, due  to  aerodynamic  heating,  that  is  higher  than  the  ambient  temperature. 
This  equilibrium  temperature  will  reduce  the  temperature  rise  that  need  be 
imparted  to  the  ice  to  reach  T^.  For  the  present  analysis,  a conservative 
point  of  view  is  taken,  and  the  equilibrium  temperature  is  neglected.  It  is 
assumed  that  the  blade  surface  assumes  the  ambient  temperature  only.  Thus 
the  heat  required,  from  Equation  B-1,  is: 


/kidw^r  \ 

" V~P~  " P ■ 


k-j^d^w^cLr 
dQ  = — dr 


iCdLdr 


Q = 


. 2 .2  2. 

k-j  d u)  cL 


r'2  1-^2 

j rdr  - (I  + T_)k,cdL  I dr 

^ V. 


1 


_k,V„W2-r,)(r2.r,)  r,  x , 

'*  2^ (p  + LjkiCdL(r2-r,) 


(B-6) 


where  r.j  is  the  point  on  the  root  end  where  icing  starts,  r2  is  the  point  on 
the  tip  end  where  it  stops. 


where 


Q 

Q 

Q 


k, 


■ 

d^  - 

n 

K.|d^  - K2d  calories 

(K.|d^  - K2d)/.2389  watt-sec  or  Joules 


d (B-7) 

(B-8) 

(8-9) 


^1  = 


k 2 
0)  ^ 


L(r2  -r-,) 


{>"2  ’"l) 


(B-10) 
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(B-11) 


K 


2 


k^cL(r2  - r^) 


The  amounts  of  energy  required  for  various  thicknesses  of  ice 
accumulation,  d,  have  been  computed  from  Equation  B-9  and  are  presented 
in  Table  B-2  for  aluminum,  stainless  steel,  titanium  and  teflon,  in 
watt  seconds.  An  even  more  conservative  estimate  of  energy  required  to 
shed  would  be  that  ene»'gy  required  to  raise  the  ice  layer  from  ambient 
temperature,  T^,  to  0°C  or  from  Equation  B-1: 

(r2  - r^) 

- T.)k,cdL  2389  ~ (8-12) 

q = K,d 

where 

= ;2389 

If  d is  in  cm  and  T = -IS'^C: 

00 

K,  = 91,819  (watt-sec)/cm 
^cm 

If  d is  in  inches  and  T = -lb®C; 

00 

K,  = 233,219  (watt-sec)/in 
in 

These  estimates  of  energy  have  been  computed  and  appear  in  Tables  B-2 
and  B-3.  Tables  B-4  and  B-5  give  the  constants  used  in  these  calcula- 
tions . 
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TABLE  B-2  ENERGY  IN  WATT-SEC  PER  UH-1  BLADE  REQUIRED 
TO  SHED  ICE  - BLADE  ASSUMED  TO  BE  AT  AN  AMBIENT  TEMPERATURE  OF 

(T  =-15°C) 

' 0& 


From  Eq.  9 

0 = (K^d2  - 

K2d)/.2389 

Eq.  12 

THICKNESS 

TEMPERATURE  OF  ICE  RAISED  FROM  T 

TO  T^ 
oo  s 

TEMP.  RAISED 

T TO  0°C 
00 

d 

Inches 

65ST 

Aluminum 

(Watt-sec) 

Stainless 

Steel 

(Watt-sec) 

Titanium 

(Watt-sec) 

Teflon 

(Watt-sec) 

(Watt-sec) 

0.05 

7,686 

7,783 

6,647 

11,032 

11,661 

0.10 

14,901 

14,507 

12,653 

20,806 

23,322 

0.20 

28,025 

24,794 

22,733 

36,583 

46,643 

TABLE  B-3.  ENERGY  IN  WATT- SEC  PER  UH-1  BLADE  REQUIRED 

TO  SHED  ICE  - BLADE  ASSUMED  TO  BE  AT  AN  EQUILIBRIUM  TEMPERATURE 

OF  (T  - -^SX) 

' 00 


From  Eq.  14 

0 - (K^d2  - 

K3d)/.2389 

. 

Eq.  12 

THICKNESS 

TEMPERATURE  OF  ICE 

RAISED  FROM  T TO  T 
e s 

TEMP.  RAISED 

T TO  0°C 
00 

d 

Inches 

65ST 

Aluminum 

(Watt-sec) 

Stainless 

Steel 

(Watt-sec) 

Titanium 

(Watt-sec) 

Teflon 

(Watt-sec) 

(Watt-sec) 

0.05 

3,105 

3,201 

2,066 

6,450 

11,661 

0.10 

5,739 

5,350 

3,489 

11,642 

23,322 

0.20 

9,596 



6,474 

4,408 

18,255 

^i^43 
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TABLE  B-4.  CONSTANTS  USED  IN  CALCULATIONS 


AREA  OF  BLADE  ICED 


T = -15°C 
00 

L(r2  - 

r^)  = 503.7  i 

T = -20.9°C 
00 

L(r2  - 

r.j ) = 765  in^ 

AVERAGE  WIDTH  OF  ICED  AREA 

= (503.7)/(r2  - Tt)  ■ 

T^  = -20.9<^C  L^^  = (765)/(r2  - ) = 

= 50  in 
T2  = 262  in 

V'  'f'  V* 

^ = 156  in  = 396.2 


Specific  Heat  of  Ice 

c = 

Density  of  Ice 

^1  -- 

Angular  Velocity  of  UH-1 

294 

Main  Rotcr 

30.7 

Average  Angular  Velocity 

“av 

u)  2 
av 

= 3,249  cm^ 
= 4,936  cm^ 


2.376  in  - 6.035  cm 
3.610  in  = 9.166  cm 


cm 

0.5  ca1/gm-°C 
0.9;  K^2  = 0.81 

324  rev/mi  n 
u)  £ 33.9  rad/sec 
=32.3  rad/sec 

= 1043.29  rad2/sec2 
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TABLE  B-B. 


BLADE  DIMENSIONS  USED  IN  CALCULATIONS 


Helicopter  or 
Blade  Type 


Chord  Length  (In. ) 


NACA  UH-1 

0012 

(Ref.  3)  (Ref.  65) 


BELL  47-G 
NACA  0011 
TO  NACA  0017 
Ref.  31) 


10 

13.75 


Blade  Surface  Area  17,472 
(2  Sides  of  Blade) 

(In)2 


11,004 

(12,090)^ 


4,655 


Relative  Blade  Area 
(Rel.  to  UH-1) 


Iced  Area  (In^) 
-15°C 

-20.9°C 


1.588 

(1.445)’ 


458.7 

(503.7)’ 


0.423 


‘ Values  in  parentheses  are  slightly  larger  than  actual  values  and  were 
used  in  the  calculations.  These  larger  values  come  from  Reference  35 
where  the  UH-1  blade  area  is  reported  as  12,090  in^.  Later  calcula- 
tions based  on  blade  dimensions  yielded  11,004  in^.  Since  the  slightly 
larger  values  yield  slightly  greater  power  requirements,  they  were 
used.  All  iced  areas  are  scaled  values. 


35  Department  of  the  Army,  Operator's  Manual,  Army  Model  UH-ID/H  Helicqpte 


Technical  Manual  TM-55-1 520-21 0-20,  24  August  19/1. 
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ENERGY  REQUIRED  TO  SHED  ICE  ASSUMING  BLADE  SKIN  ASSUMES  THE  EQUILIBRIUM 
TEMPERATURE 


If  the  aerodynamic  heating  of  the  blade  is  not  neglected,  less 
energy  must  be  provided  to  shed  the  ice.  A linear  approximation  of  the 
equilibrium  temperature  assumed  by  the  UH-1  blade  at  -15°C  and  -20°C 
ant)ient  has  been  extracted  from  Figure  172  of  Reference  29.  It  is  (see 
Figure  B-3): 


T^  = mr  + b 
e 

where  at  -15°C:  m = .0232°C/cm  and  b = -18.3°C 

at  -20°C:  m = .Q250Vcm  and  b = 22.5°C 


(B-13) 


If  T is  used  in  Equation  (6)  in  place  of  T , then 


dQ  = 


k-j  dci)  r 

— - (mr  + b) 


k-|CLd  dr 


/ k,dw^  \ r *'2  / ' 2 

q=^_L_  - m 1 ki  cLd  / r dr  - + b)  k^cLd  | dr 


'1 


1 


Q = 


''k^VcL(r2  - r^)  (r2  + r^) 


1 


m(r2  + r^) 


+ b 


k^cL(r2  - r^)d 


where 


Q = K^d  - K3d 
2 2 

1 “ 2 " ‘1 


K 


^ ki  VcL(r,  - r^)  (r2  + r-j) 


(B-14) 

(B-15) 


^3  = 


1 + 


m(r2  + r^) 


+ b 


k.jCL(r2  - r^) 


(B-16) 


29J.B.  Werner,  “Lee  Protection  Investigation  for  Advanced  Rotary-Hing 
Aircraft."  USAAMRDL  Technical  Report  73-38,  August  1973. 
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Values  of  energy  in  watt-sec  needed  to  raise  the  temperature  of 
the  ice  from  to  have  been  computed  in  accordance  with  Equation  B-14 
and  are  presented  in  Table  B-3;  it  will  be  noted  that  these  values  are 
smaller  than  those  in  Table  B-2.  It  should  also  be  noted  that  the  values 
in  Tables  B-2  and  B-3  are  both  smaller  than  those  for  the  most  conserva- 
tive model,  v;hich  requires  that  the  temperature  be  raised  from  T to  0°C, 

00 

also  given  in  Tables  B-2  and  B-3  for  comparison.  A closer  approximation 
to  the  real  power  required  to  shed  the  ice  could  be  represented  by 
empirical  equations,  rather  than  by  a linear  approximation,  with  the  actual 
temperature  in  the  ice  layer  taken  into  account.  It  is  felt  that  such  a 
fine  model  would  be  of  academic  interest  only,  since  it  must  be  bracketed 
between  the  most  optimistic  value  Ctitanium)  and  the  most  conservative 
values,  which  have  alreacjy  been  established  and  are  relatively  close  to 
each  other. 


THE  AVERAGE  POWER  REQUIRED  PER  BLADE 


In  this  model  of  the  microv/ave  deicer  it  is  assumed  that  ice  v/ill 
be  permitted  to  accrete  only  to  a predetermined,  tolerable  thickness,  d^, 
before  it  is  caused  to  shed  by  the  application  of  microv/ave  power.  This 
technique  assumes  that  the  pov/er  is  applied  for  an  "on  period"  long  enough 
to  shed  the  ice  accumulation  and  then  removed  for  an  "off  period"  during 
which  the  ice  is  allov/ed  to  accumulate  to  d^  again.  Therefore, 


on 


+ T 


off 


(B-17) 


where 


Pav  = average  power  required  per  blade 
Pp  = peak  power  (pov/er  during  "on  time") 

Tq^  = "on  time"  or  time  required  to  shed 

T = "off  time"  or  time  during  which  a layer  of  ice  d^  inches 
thick  is  allowed  to  accumulate  where  d^  is  tolerable  ice 
thickness 


It  will  be  noted  that  the  numerator  of  Equation  B-17,  PpT^^,  is  the  energy 
required  to  shed  the  ice  in  watt-sec.  Thus  using  the  energy  required  to 
shed  computed  above  (Tables  B-2  and  B-3),  the  value  of  T^^  can  be  determined 
as  a function  of  typical  values  of  peak  power,  p , and  ice  thickness,  d. 

r 

The  on  times  and  average  power  injected  into  the  ice  have  been  computed  for 
three  models: 

1)  Conservative  Model  - ice  temperature  raised  from  T 
to  0°C 

2)  Teflon  Equivalent  Model  - ice  temperature  raised  from 
Tg.  to  Tg;  surface  assumed  to  have  ice  adhesive  pro- 
perties similar  to  Teflon. 

3)  Titanium  Equivalent  Model  - i^e  temperature  raised  from 
Tg  to  Tg;  surface  assumed  to  have  ice  adhesive  pro- 
perties similar  to  titanium. 

These  models  are  represented  in  Tables  B-G,  B-7  and  B-8  respectively. 
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TABLE  B-6.  TIME  TO  SHED  ICE  (Top)  AS  A FUNCTION  OF  ICE 
THICKNESS,  dt,  AND  PEAK  POWER  AVAILABLE,  pp,  7^  = -15°C; 
CONSERVATIVE  WDEL,  EQUATION  B-12 


-4 

Average  Accretion  Rate  = a = 4,16x10  in/sec 
(extracted  from  Ref.  3,  Figures  100-102) 


K^  - 233,161  (Watt-sec)/inch 
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TABLE  B-7.  TIME  TO  SHED  ICE  (Ton)  AND  AVERAGE  POWER  REQUIRED  AS  A 
FUNCTION  OF  ICE  THICKNESS  AND  PEAK  POWER  AVAILABLE; 

T = -I5°C,  TITANIUM  EQUIVALENT  MODEL,  ONE  BLADE 

00 


ICE 

THICKNESS 

PEAK  POWER 

Pn,  AVAILABLE  FROM 

MICROWAVE  DEICER 

- WATTS 

(Inches) 

100  W 

200  W 

400  W 

800  W 

1600W 

0.05 

20.66 

14.6 

10.33 

15.8 

5.162 

16.4 

2.58 

16.83 

1.29 

17.0 

0.10 

34.88 

17.4 

8.7 

4.36 

2.18 

12.68 

13.51 

13.99 

14.27 

14.4 

0.20 

44.08 

T.T' 

22.04 

8.78 

11.02 

8.97 

5.51 

9.07 

2.75 

9.12 

TIME  TO 
ACCUMULATE 



Toff 


120 


240 


480 


^on  - 

P^»  - Watts 


■Sf. 


Pp  Tpn 

^on  ^ ^off 


a = Average  Accretion  Rate  = 4.16x10  ^ inches/second 
(Extracted  from  Ref.  3,  figures  100-102) 


(K^d  - K3d)/.2389  ^ g_3 


on 


K-|  and  K3  from  Table  B-1 
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TABLE  B-8.  TIME  TO  SHED  ICE  (Ton)  AND  AVERAGE  POWER  REQUIRED  AS  A 
FUNCTION  OF  ICE  THICKNESS  AND  PEAK  POWER  AVAILABLE; 

T = -15°C,  TEFLON  EQUIVALENT  MODEL,  ONE  BLADE 


(Inches) 


0.05 


PEAK  POWER,  Pp,  AVAILABLE  FROM 
MICROWAVE  DEICER  - WATTS 


100  w 

200  W 400  W 800  W 

64.5 

32.25  16.12  8.06 

34.95 

42.6  47.36  50.37 

116.42 

58.21  29.1  14.5 

32.6 

39.  43.2  45.5 

182.55 

91.28  45.6  22.8 

27.5 

31.95  34.7  36.2 

I600W 


4.03 


TIME  TO 
ACCUMULATE 

dt.  _■  __ 

Tof 
sec 


a = Average  Accretion  Rate  = 4.16x10  inches/second 
(Extracted  from  Ref.  3,  Figures  100-102) 


- K3d)/.2389  g_3 


K-,  and  Ko  from  Table  B-1 


ESTIMATES  OF  POWER  REQUIRED  TO  SHED  ICE  FROM  TWO  UH-1  ROTOR  BLADES  WHEN 
AMBIENT  TEMPE^TURE  IS  AT  -20.9° C 


Tables  B-I  through  B-3  and  B-6  through  B-8  represent  power 
estimates  for  when  the  ambient  temperature  is  at  -I5°C.  Computations 
v/ere  repeated  for  ambient  temperatures  of  -20.9°C,  and  these  appear  in 
Tables  B-9  through  B-14. 


TABLE  B-9.  MATERIAL  CONSTANTS  (T  -20.9"C) 

00 


MATERIAL 

P 

xlO" 

s 

xlO" 

s/p 

65ST  Aluminum 

-15.6 

- 75 

4.81 

- 5,296 

-35,735 

-15,321 

Stainless  Steel 

- 6.96 

- 30 

4.31 

-11,841 

-36,846 

-16,481 

Titanium 

-11.43 

- 69 

6.036 

- 7,229 

-33,013 

-12,598 

Teflon 

- 5.84 

0 

0 

-14,148 

-16,418 

-36,004 

Vi  ton 

-22.84 

-165 

7.224 

- 3,618 

-30,344 

- 9,959 

187 


TABLE  B-10.  ENERGY  IN  WATT-SEC  PER  UH-1  BLADE  REQUIRED  TO  SHED  ICE 

BLADE  ASSUMED  TO  BE  AT  AMBIENT  TEMPERATURE  (T  = -20.9°C) 

' 00  ’ 


I 

I 


I 


From  Equation 

9 Q = (K^d^  - K2d)/.2389 

Equation  12 

THICKNESS 

TEMPERATURE  OF  ICE  RAISED  FROM  T 

.TO  T^ 

TEMP.  RAISED 
T„  TO  0°C 

d 

Inches 

65ST 

Aluminum 

(Watt-Sec) 

Stainless 

Steel 

(Watt-Sec) 

Ti tanium 
(Watt-Sec) 

Teflon 

(Watt-Sec) 

(Watt-Sec) 

0.05 

18,639 

18,786 

17,062 

23,721 

24,676 

0.10 

36,563 

36,969 

33,147 

45,531 

49,352 

0.20 

70,267 

65,524 

62,390 

83,421 

98,705 

TABLE  B-11.  ENERGY  IN  WATT-StC  PER  UH-1  BLADE  REQUIRED  TO  SHED  ICE, 
BLADE  ASSUMED  TO  BE  AT  EQUILIBRIUM  TEMPERATURE  (T^  = -20.9°C 


From  Equation 

14  Q = (Kid^  - K3d)/.2389 

Equation  12 

THICKNESS 

TEMPERATURE  OF  ICE  RAISED  FROM  T 

c TO  T3 

TEMP.  RAISED 
Too  TO  0°C 

d 

Inches 

65ST 

Aluminum 

(Watt-Sec) 

Stainless 

Steel' 

(Watt-Sec) 

Ti tanium 
(Watt-Sec) 

Teflon 

(Watt-Sec) 

(Watt-Sec) 

0.05 

7,787 

7,933 

6,209 

12,869 

24,676 

0.10 

14,859 

14,264 

11,442 

23,827 

49,352 

0.20 

26,858 

22,116 

18,980 

40,012 

98,705 

— 
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TABLE  B-12.  TIME  TO  SHED  ICE  (Ton)  AS  A FUNCTION  OF  ICE  THICKNESS, 
dt,  AND  PEAK  POWER  AVAILABLE,  pp,  T„  = -20.9°C; 
CONSERVATIVE  MODEL,  EQUATION  B-12 


ICE 

THICKNESS 

dt 

(Inches) 

PEAK  POWER  AVAILABLE,  Pp, 
FROM  MICROWAVE  DEICER  - WATTS 

100  w 

200  w 

400  w 

800  w 

leoowl 

1^ 

mmm 

0.05 

247 

123 

62 

31 

15 

0.10 

494 

247 

123 

62 

31 

0.20 

987 

494 

247 

123 

62 

TIME  TO 
ACCUMULATE 


A. 


Toff 

(Sec) 


114 

227 

455 


where 


on 


+ T 


off 


1 

VPp  + 1/aK^ 


Average  Accretion  rate  = a = 4.4x10'^  in/sec 
(Extracted  from  Ref.  31.  Figure  21) 


K^  = 233,161  (Watt-Sec)/Inch 
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ABLL  B-13.  TIME  TO  SHED  ICE  (Tq^)  AMD  AVERAGE  POWER  REQUIRED  AS  A 
FUNCTIOfl  OF  ICE  THICKNESS  AMO  PEAK  POWER  AVAILABLE,  T-„  = -20.9^C; 
TITANIUM  EQUIVALENT  mDEL,  ONE  BLADE 


ICE 

THICKNESS 

Inches 

PEAK  POWER, Pp,  AVAILABLE  FROM 
FROM  MICROWAVE  DEICER  - WATTS 

100 

200 

400 

800 

1600 

(Sec) 

(Sec) 

(Sec) 

(See) 

(Sec) 

0.05 

62.1 

31.0 

15.5 

7.8 

3.9 

35.3 

42.9 

48.1 

51.1 

52.8 

0.10 

114.4 

33.5 

57.2 

40.2 

28.6 

44.7 

14.3 

47.7 

7.2 

48.8 

0.20 

189.8 

"20 

94.9 

20 

47.5 

2772 

23.7 

20 

11.9 
To.  7 

TIME  TO 
ACCUMULATE 

^Q-f  f ( S6C  ) 

113.6 

227.3 

454.5 

Tor,  - Sec 
on 

P,„  - Watts 

a V 


Pp  ^on 

T T 
on  off 


-4 

a = Average  Accretion  Rate  = 4.4x10  inches/secoiid 
(Extracted  from  Reference  31,  Figure  21) 


- Q - 


(K^d  - K3d)/.2389  g_ 


3a 


on 


and  K^  from  Table  B-1 
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TABLE  B-14.  TIME  TO  SHED  ICE  (Ton)  AND  AVERAGE  POWER  REQUIRED  AS  A 
FUNCTION  OF  ICE  THICKNESS  AND  PEAK  POWER  AVAILABLE;  T„  = -20.9°C 
TEFLON  EQUIVALENT  MODEL  - ONE  BLADE 


ICE 

THICKNESS 

PEAK  POWER,  Pp,  AVAILABLE  FROM 
FROM  MICROWAVE  DEICER  - WATTS 

100  w 

200  w 

400  w 

800  w 

1600W 

Inches 

(Sec) 

(Sec) 

(Sec) 

(Sec) 

(Sec) 

0.05 

128.7 

64.3 

32.2 

16.1 

8.0 

53.1 

"TO 

88.3 

99.2 

105.8 

0.10 

238.3 

119.1 

59.6 

29.8 

14.9 

51.2 

58.8 

83.0 

92.7 

98.4 

0.20 

400.1 

200.1 

100.0 

50.0 

25.0 

46.8 

61.1 

72.2 

79.3 

83.4 

TIME  TO 
ACCUMULATE 

^ 

Toff(sec) 


113.6 


227.3 


454.5 


T-„  - Sec 
on 

■ Watts 

a V 


av 


Pp  ^on 

^on  * ^off 


a = Average  Accretion  Rate  = 4.4x10”^  inches/second 
(Extracted  from  Ref.  31,  Figure  21) 


JQ_  - (^1^^  ~ l<3d)/.2389  Table  B-3a 

0""Pp"  Pp  " Pp 

K-|  and  K^  from  Table  B-1 
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PRIME  POWER  TO  MICROWAVE  POWER  CONVERSION  EFFICIENCY 


A block  diagram  of  a possible  microwave  deicer  system  showing 
the  efficiency  of  each  component  is  illustrated  in  Figure  B-4  v/here  all 
parameters  are  defined,  from  which  the  "Prime  Power  to  Microwave  Conversion 
Efficiency"  may  be  computed  as  follows: 

Ppl  " Pp/"^dl 

Pp2  = 2Ppi  = 2pp/n^^ 

Pp3  ^ Pp2/'’d2  ^ ^Pp/^^d2  ' '^dl 
Pp4  = Pps/\  = 2pp/^t  ‘ ‘’d2  • ^dl 
Pav  = Pp4P/’’p  " ^PpP/'^p  ' ’'t  ■ ^d2  • ^dl 
Pavl  " PpP 


The  "Prime  Power  to  Microwave  Power  Conversion  Efficiency"  is: 

\ = '^p  • '^t  ’ '’dl  ' '’d2 
and 

p = duty  cycle 

Plots  of  prime  power  required  as  a function  of  conversion  effici- 
ency are  presented  in  Section  3 for  ambient  temperatures  of  -15°C  and  -20.9°C, 
respectively.  These  curves  are  derived  from  Tables  B-6  through  B-8  and  B-12 
through  B-14.  For  the  conservative  model,  Table  B-6,  only  the  maximum  power 
requirement  was  used.  For  the  teflon  and  titanium  models,  the  maximum  and 
minimum  values  of  average  power  required  from  Tables  B-7 , B-8,  B-13  and 
B-14  were  used.  These  correspond  to  .050  inches  and  .200  inch  of  ice  ac- 
cumulation. 

Since  the  powers  indicated  in  all  tables  are  for  single  blades, 
they  must  be  doubled  and  divided  by  the  assumed  conversion  efficiency  to 
find  the  prime  powers  required  from  the  helicopter. 


Figure  B-4.  Microwave  deicer  system  loss  schematic  for  UH-1 


The  curves  also  assume  that  practical  power  supplies  can  be 
built  that  can  provide  the  peak  powers  required  in  Tables  B-12  and  B-14 
while  drawing  only  average  power  from  the  helicopter.  Various  power 
supply  manufacturers  have  been  consulted  on  this  matter,  and  all  believe 
that  this  can  be  done.  A complete  design  of  the  deicer  will  require 
careful  attention  to  the  power  supply  to  yield  the  maximum  benefit  of 
the  techniques  outlined  here. 

Zone  cycling  of  the  microwave  generator  is  another  means  of 
averaging  out  the  power  demands  on  the  helicopter.  It  would  require  a 
lower  power  microwave  generator  that  is  on  continuously  during  icing 
conditions  but  which  is  switch-shared  between  zones  on  the  blade  in  a 
manner  similar  to  .lat  used  in  the  thermal  cyclic  deicer. 
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TABLE  OF  SYMBOLS  FOR  APPENDIX  B 


a 


Ice  accretion  rate  in/sec 


b y axis  intercept  of  straight  line  approximation  of 

blade  equilibrium  temperature  °C  (Figure  B-3) 


c 


Specific  heat  of  ice 


d Thickness  of  ice  (Figure  B-2) 

Width  of  ice  element  (Figure  B-2) 

dt  Tolerable  thickness  of  ice 

f^  Centrifugal  ice  removal  force 

F^j^  Force  required  to  remove  the  ice  element 


Density  of  ice 

A constant  defined  for  mathematical  convenience  in 
Equations  A-10  and  A-15 

A constant  defined  for  mathematical  convenience  in 
Equation  A-11 

A constant  defined  for  mathematical  convenience  in 
Equation  A-16 

A constant  defined  for  mathematical  convenience  in 
equation  following  Equation  A-12 


m 


Width  of  ice  (Figure  B-2) 

Slope  of  straight  line  approximation  of  blade  equilibrium 
temperature  °C/cm  (Figure  B-3) 

Material  constant  of  blade  derived  from  Stall abrass 
curves  (Reference  31)  dynes 

cm2  _ 


^^J.R.  Stallabrass  and  R.D.  Price»  "On  the  Adhesion  of  Ice  to  Various 
Materials,"  National  Research  Laboratories,  July  1962. 
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TABLE  OF  SYMBOLS  FOR  APPENDIX  B 
(Continued) 

Average  microwave  power  required  per  blade  dissipated 
in  ice 

Average  power  required  by  system  (prime  power  required) 
(DC  power  drawn  from  helicopter) 

Peak  power  delivered  to  the  ice  load 

Peak  power  inserted  into  surface  waveguide  couplers 

Peak  power  inserted  into  dividers 

Power  injected  into  transmission  system  (power  output 
of  tube) 

Peak  power  input  to  tube 
Heat  energy 

radius  of  ice  element  from  center  of  rotation 
Radius  nearest  root  end  of  blade  where  icing  starts 

Radius  nearest  tip  end  at  blade  where  icing  ends 

Material  constant  of  blade  derived  from  Stall abrass 
curves  dynes 

cni^ 

Equilibrium  temperature 
Ambient  temperature 

Time  duration  between  microwave  bursts  during  which 
ice  has  the  opportunity  to  reform  to  a thickness  d^ 

Time  duration  of  microwave  burst  of  Pp 


TABLE  OF  SYMBOLS  FOR  APPENDIX  B 
(Continued) 


Shed  temperature 


Width  of  ice  element  (Figure  B-2) 

Efficiency  of  surface  waveguide  couplers  (includes 
loss  in  surface  waveguides).  The  efficiency  quanti- 
fies the  coupler-surface  guide  distribution  loss. 

Efficiency  of  transmission  line  up  mast  includes 
dissipative  losses  in  power  divider  (which  are  very 
small)  and  transmission  line  connected  to  tube 

Efficiency  of  power  supply 
Efficiency  of  tube 


Duty  cycle  of  deicer 


radian  frequency  of  rotation 


APPENDIX  C ■ 

DESCRIPTIONS  OF  PROPOSED  EXPERIMENTS  FOR  VERIFYING  SURFACE 
WAVEGUIDE  THEORY  POWER-TO-SHED  REQUIREMENTS  AND  SUR- 
FACE WAVEGUIDE  COUPLING  SYSTEMS 


INTRODUCTION 

This  appendix  contains  outlines  of  procedures  proposed  for  veri- 
fying the  suitability  of  using  surface  waveguides  for  shedding  rotor  ice, 
for  determining  the  power  needed  to  shed  ice,  and  for  investigating  sur- 
face waveguide  couplings. 

TASK  1 

Task  la  - Laboratory  Demonstration  of  Surface  Waveguide  Performance 

This  task  will  demonstrate  in  the  laboratory  the  performance 
predictions  of  surface  waveguide  theory  established  in  Phase  I of  the 
statement  of  work.  The  demonstration  includes  the  measurement  of  the 
following  parameters  as  functions  of  frequency,  dielectric  thickness, 
dielectric  constant,  loss  tangent  and  mode: 

• Guide  Wavelength  Xg 

t Phase  Constant  3^ 

t Attenuation  Constant  a 

• External  Eigenvalue  Kx 

f Internal  Eigenvalue  k^ 

t Power  Ratio  P^ 

• Injected  Power  Pjp 

• Complex  Dielectric  Constant  ei 

of  Materials 

As  a practical  means  of  varying  the  dielectric  constant  and  loss  tangent, 
measurements  may  be  performed  on  the  candidate  dielectric  materials 
tabulated  in  Table  C-1 . This  table  provides  at  least  five  variations  in 
dielectric  constant  and  loss  tangent  in  any  operating  frequency.  The 
measurements  can  be  performed  with  the  test  apparatus  illustrated  in 
Figure  C-1.  The  major  pieces  of  test  equipment  needed  for  these  measure- 
ments are  a pin-leveled  R.F.  plug-in;  sweeper  main  frame;  network 
analyzer  main  frame;  frequency  converter;  polar  display;  reflection, 
transmission  unit;  and  spectrum  analyzer.  A description  of  how  each  of 
the  parameters  above  are  measured  is  given  in  Appendix  D. 
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TABLE  C-1 


CANDIDATE  MATERIALS  WITH  AND  WITHOUT  EROSION  COATS 


(a)  (b)  (c) 


1 

Ultra-High  Molecular 
Weight  Polyethelene 
Erosion  Coat 

With  12  Mil 
Polyurethane 
Erosion  Coat 

With  Alumina 
Erosion  Coat 

2 

Irradiated,  High- 
Density  Polyolefin 
Laminate  Polyguidc 

With  12  Mil 
Polyurethane 
Erosion  Coat 

With  Alumina 
Erosion  Coat 

3 

High  Quart?  Fiber 
Silicone  Resin  Lami- 
nate - Alphaquartz 

With  12  Mil 
Polyurethane 
Erosion  Coat 

With  Alumina 
Erosion  Coat 

4 

Glass  Laminate 
Silicone  Resin 
Fiberglass 

With  12  Mil 
Polyurethane 
Erosion  Coat 

With  Alumina 
Erosion  Coat 

5 

Alumina 

Aluminum  Oxide 

— 

— 

'S?', 
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Figure  C-1 . Test  equipment  for  measuring  performance  of  surface  waveguides 


Task  1b  - f’leasurement  of  the  Complex  Dielectric  Constant  of  Ice 

This  task  will  measure  the  complex  dielectric  constant  of  ice 
grown  in  the  laboratory.  The  complex  dielectric  constant  will  be 
measured  at  three  frequencies  of  interest  to  microwave  deicing  and  at 
several  ambient  temperatures  betv/een  0°C  and  -20*^0.  Tests  are  per- 
formed by  the  techniques  described  in  Appendix  D.  The  major  pieces 
of  test  equipment  required  are  listed  under  Task  la. 

TASK  2 

Task  2a  - Laboratory  Demonstration  of  the  Power  Required  to  Shed  Ice 
(Static  Tests  - Gravity  Load-Statically  Grown  Ice) 

This  will  be  the  first  laboratory  demonstration  of  the  feasi- 
bility of  shedding  ice  by  means  of  microwaves.  This  task  will  demonstrate 
in  the  laboratory  the  shedding  of  ice  and  the  accuracy  of  the  predictions 
of  the  power  required  to  shed  established  in  Phase  II  of  the  statement  of 
work.  It  will  also  demonstrate  how  microwave  power  distributes  itself 
in  the  ice  layer  by  the  measurement  of  the  following  parameters  on  an 
ice-loaded  surface  guide  as  functions  of  mode,  frequency,  dielectric 
thickness,  ice  thickness,  dielectric  constant  and  loss  tangent: 

t Guide  Wavelength  X 

• Phase  Constant 

• Attenuation  Constant  a 

0 External  Eigenvalue  K 

0 Internal  Eigenvalue  k^ 

0 Power  Ratio  P^ 

0 Injected  Power  PV 

0 Power  Required  to  Shed  E^*^ 

(Energy  Required  to  Shed) 

The  above  parameters  are  measured  using  the  same  te:t  equipment 
and  measurement  procedures  described  in  Task  1 and  Figure  C-1  with  the 
exception  that  tests  are  performed  in  cold  box  in  which  the  ambient 
temperature  may  be  controlled.  Surface  waveguide  test  fixtures  that  would 
be  fabricated  and  tested  in  Task  1 would  be  used  here  without  modification. 
The  surface  waveguide  test  fixtures  would  be  mounted  on  a tilting  table 
that  permits  tests  to  be  performed  and  an  ice  layer  grown  while  the  test 


fixture  was  horizontal.  To  determine  tiw  ^rgy  required  to  shed  the  ice 
when  acted  on  by  the  force  of  gravity,  the  table  was  tilted  to  the  vertical 
position  and  microwave  power  applied  until  the  ice  sheds  under  the  force 
of  gravity. 

Task  2b  - Demonstration  of  the  Power  Advantage  of  Microwave  Deicing 

In  this  task  the  model  microwave  deicer,  which  is  illustrated 
in  Figure  C-2  and  which  will  have  been  constructed  in  Task  1,  will  be  used 
to  prove  that  the  power  requirement  of  a microwave  deicer  is  an  order  of 
magnitude  less  than  that  of  an  equivalent  thermal  deicer.  This  will  be 
done  by  constructing  an  equivalent  thermal  deicer,  as  shown  in  Figure  C-3, 
having  the  same  surface  dimensions  as  the  microwave  deicer  and  mounting 
each  deicer  on  an  arm  of  a whirling-arm  test  fixture,  as  illustrated  in 
Figure  C-4.  Identical  ice  accumulations  will  be  statically  groi.'n  on 
each  deicer  while  the  arms  are  at  rest.  The  power  and  time  required  to 
shed  the  ice  accumulations  on  both  deicers  while  the  arms  are  whirled,  will 
then  be  measured  and  compared.  The  power  and  time  to  shed  will  be 
measured  as  functions  of  the  following  para.neters: 

• Ice  Thickness,  t .05  _<  t .250 

• Centrifugal  Force  or  Angular  Velocity 

ff  Ambient  Temperature,  T -20°  ^ T £ 0°C 

• Microwave  Frequency  f = 5,850  MHz,  f = 2,450  MHz,  f = 22  GHz 

A camera,  a strobe  light  and  a clock  arranged  as  in  Figure  C-4  will  be  used 
to  determine  the  instant  of  shed  and  to  record  the  shedding  process. 

Task  2c  - Laboratory  Demonstration  of  the  Power  Required  to  Shed  Droplet- 
Impact  Ice  when  Loaded  by  Centrifugal  Force 

This  task  will  demonstrate  the  feasibility  of  shedding  rotor  ice 
with  microwave  energy  when  the  ice  is  acted  upon  by  centrifugal  force,  and 
verify  the  po\<er  requirement  estimates  of  Phase  II  of  the  statement  of  work. 

This  experiment  is  essentially  a modification  of  the  whirling  arm 
tests  performed  by  Stallabrass,  who  measured  "the  adhesion  of  ice  to  various 
materials." The  modification  is  the  use  of  test  surfaces  made  of  sections 

Stallabrass  and  R.D.  Price,  "On  the  Adhesion  of  Ice  to  Various 
Materials,"  National  Research  Laboratories,  July  1962. 
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SECTION  AA 

Model  microwave  deicer  used  in  feasibility  study 


Figure  C-3.  Thermal  deicer 


I 


i. 


7 


of  surface  waveguides,  constructed  from  the  materials  in  Table  1,  into 
which  measured  quantities  of  microwave  energy  will  be  injected.  Droplet 
impact  ice  will  be  permitted  to  accrete  as  the  arms  whirl,  and  then  the 
microwave  energy  required  to  shed  the  ice  will  be  measured  as  a function 
of  centrifugal  shear  force  and  other  parameters  described  below. 

Verification  of  Microwave  Power  Requirements.  To  verify  the 
analytically  estimated  power  requirements,  the  microwave  energy  required 
to  shed  ice  accretions  on  the  calibrated  test  surface  will  be  measured  as 
a fun'  tion  of: 

0 Ambient  Temperature  -20°  1 T £ 0° 
e Ice  Thickness 

fi  Droplet  Size 

8 Shear  Force  on  Ice  Adhesion  Layer 
8 Microwave  Frequency 

® Surface  Guide  Material 

8 Surface  Guide  Thickness 

8 Surface  Waveguide  Mode  (TM^  or  TE^) 

Whirling  Arm  Apparatus.  The  whirling  arm  apparatus  will  be 

3 S 

similar  to  that  used  by  Stallabrass.  The  apparatus  will  consist  of  a 
two-bladed,  9-foot  diameter  rotor  situated  in  a 10-foot  by  10-foot 
cold  chamber.*  A cloud  of  supercooled  water  droplets  will  be  produced 
in  the  cold  chamber  by  atomizing  nozzles  capable  of  varying  droplet  size. 
The  nozzles  will  be  located  close  to  the  floor  of  the  chamber  and  sprayed 
upwards.  The  test  surface  waveguide,  mounted  on  the  rotor  blade,  will 
intercept  the  stream  of  droplets  on  each  revolution.  Undesired  ice 
buildups  on  structure  surrounding  the  test  surfaces  that  might  interfere 
with  measurements  will  be  inhibited  by  electrical  heater  pads.  A strobo- 
scopic light  and  moving  picture  camera  will  be  used  to  observe  and  record 
progress  of  the  tests. 


*Size  of  rotor  and  cold  box  are  tentative  depending  on  whirling  arm 
facility  available. 

3 6 

O.R.  Stallabrass  and  R.D.  Price,  "On  the  Adhesion  of  Ice  to  Various 
Materials,"  National  Research  Laboratories,  July  1962. 

206 


Test  Surface  Waveguide  Deicers.  The  test  specimens  will  be 
sections  of  surface  waveguide  fabricrated  and  tested  in  the  laboratory 
as  described  in  Task  la  and  made  from  dielectric  materials  listed  in 
Table  1.  The  supports  for  the  test  specimens  will  be  cylinders  about  a 
foot  in  length  and  milled  on  the  top  and  the  bottom.  The  test  specimens 
will  be  fastened  to  the  leading  edges.  In  this  way,  ice  will  be  confined 
only  to  the  calibrated  leading  edge  surface  area  of  the  test  surface 
guide.  Microwave  energy  will  be  inserted  by  means  of  calibrated  cest 
couplers  (to  be  designed  in  Task  3).  Microwave  power  will  be  obtained 
from  a laboratory  microwave  signal  source  outside  the  cold  box  and 
fed  to  the  v/hirling  arm  fixture  through  a commercially  available  rotary 
joint.  Power  will  be  measured  with  precision  directional  couplers  and 
power  meters. 

Measurement  of  Shed  Force.  Shed  force  will  be  measured  by  methods 
similar  to  those  used  by  Stallabrass.^^  The  shed  force  is  the  centrifugal 
force  exerted  by  the  ice  at  the  moment  the  adhesion  bond  breaks  down. 

Thus,  the  difference  between  the  radial  load  of  the  test  specimen  immedi- 
ately before  and  immediately  after  the  ice  sheds  is  the  desired  shed 
force. 

The  centrifugal  load  of  the  surface  guide  (and  ice)  will  be 
measured  by  strain  gauges.  The  surface  waveguide  will  be  allowed  to  slide 
freely  along  a radial  support  rod  and  bear  upon  a spring  plate  on  each 
side  of  which  strain  gauges  will  be  mounted.  The  two  gauges  will  be  con- 
nected through  slip  rings  to  form  a bridge  circuit  with  two  resistors  out- 
side the  chamber.  The  bridge  will  be  driven  by  a dc  voltage.  The  output 
will  be  fed  to  a multi-channel  recorder. 

Calibration  of  Strain  Gauges.  With  the  rotor  turning  at  500  rpm» 
the  recorder  will  be  set  for  zero  pen  deflection.  The  rotor  will  then  be 
stopped  and  static  radial  loads  will  be  applied  to  the  surface  waveguide 
until  the  pen  again  registers  zero.  Further  load  increments  will  then  be 
applied  and  the  position  of  the  pen  versus  the  applied  load  increment 

^^J.R.  Stall abrass  and  R.D.  Price,  "On  the  Adhesion  of  Ice  to  Various 
Materials,"  National  Research  Laboratories,  July  1962. 


will  be  repated  until  the  pen  has  traversed  the  full  width  of  the  record- 
ing paper. 


Icing  Procedure.  With  the  temperature  set  to  one  of  the  desired 
values  and  the  rotor  turning  at  500  rpm,  the  recorder  will  be  set  to  zero 
deflection.  The  nozzle  producing  the  spray  of  droplets  of  desired  diameter 
will  then  be  turned  on.  When  an  ice  buildup  of  thickness  d has  been 
reached,  heat  will  be  applied  to  the  heater  pads  to  remove  all  unwanted 
ice  that  might  interfere  with  the  measurements. 

As  ice  accretes  on  the  surface  waveguide,  its  centrifugal  force 
will  be  registered  by  an  increase  in  the  deflection  of  the  pen  recorder. 

Microwave  power  at  frequency  f will  then  be  injected  into  the 
surface  waveguide  and  turned  off  at  the  instant  of  ice  shed.  The  micro- 
wave  energy  required  to  shed  is  the  product  of  the  injected  power  and 
the  time  applied. 

As  the  adhesion  bond  fails  and  the  ice  sheds,  the  pen  recorder 
will  drop  sharply  to  near  zero.  This  change  in  pen  deflection  can  be 
considered  the  adhesive  shear  force  (shed  force)  of  the  bond. 

Range  of  Tests.  The  test  procedures  above  will  be  repeated  so 
that  the  microwave  energy  required  and  the  force  required  to  shed  can  be 
measured  as  functions  of: 

Chamber  Temperature 
0°  < T < -20°C 

Ice  Thickness 
.050"  < d < .250" 

Droplet  Size 
lOu  £ a £ 45y 

Operating  Microwave  Frequency 
Surface  Guide  Material  (Table  1) 

Thickness  of  Surface  Guide 
Mode  Type,  TM^  or  TE.j 


^i 


f 

s 

d 

M 
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TASK  3 


Task  3a  - Laboratory  Demonstration  of  the  Application  of  Coupling  Theory 
to  TE^  Modes 

This  task  will  demonstrate  experimentally  TE-j  mode  coupling 
theory  described  by  Cohn  and  wil'  result  in  experimental  TE-j  mode  couplers 
for  use  in  the  experiments  of  Tasks  1 , 2 and  3.^^  The  empirical  data  thus 
accumulated  will  represent  design  information  for  use  in  prototype  design. 

An  experimental  TE^  mode  coupler  designed  in  accordance  with 
Reference  21  is  illustrated  in  Figure  C-5.  Critical  dimensions  for  the 
coupler  are  also  defined  in  Figure  C-5.  The  theoretical  relationship 
between  bidrectional  efficiency  and  these  critical  dimensions  is  illustrated 
in  Figure  C-6.  From  Figure  C-6  it  is  seen  that,  theoretically,  the  bidirec- 
tional coupling  efficiency  approaches  broad  maximums  as  d,  (the  thickness 
of  the  slab)  increases  for  a fixed  h/d  radio  and  frequency.  The  coupling 
efficiency,  n»  can  then  be  measured  as  described  in  Appendix  D using  the 
apparatus  of  Figure  C-1 , while  the  dimensions  h,  d,  a and  b (Figure  C-5) 
are  varied.  From  these  measurements,  an  empirical  curve  of  efficiency  as 
a function  of  h and  d at  desired  frequencies  is  obtained  that  can  be  used 
to  design  prototype  couplers.  It  should  be  kept  in  mind  that  bidirectional 
coupling  efficiency  is  one-half  the  unidirectional  efficiency.  The  uni- 
directional coupler  is  achieved  by  placing  a reflecting  metal  plate  at  the 
proper  distance,  a (Figure  C-5),  from  the  current  filament.  After 
dimensions  h and  a are  determined  for  the  optimum  bidirectional  coupler, 

"a"  is  varied  experimentally  to  obtain  the  maximum  unidirectional  coupling. 


Cohn.  Cassedy  and  Kott,  "TE  Mode  Excitation  on  Dielectric  Loaded 
Parallel  Plane  and  Trough  Waveguides,"  IRE  Transactions  or.  Microwave 
Theory  and  Techniques,  pp.  545-552  (Septenter  V960) . 
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Figure  C-6.  Computer-generated  plot  of  bidirectional  launching 
efficiency  as  a function  of  dielectric  slab  thickness  for  various 
current  filament  locations  and  dielectric  constants 


^^Cohn,  Cassedy  and  Kott,  "TE  Mode  Excitation  on  Dielectric  Loaded  Parallel 
Plane  and  Trough  Waveguides,"  IRE  Transactions  on  Microwave  Theory  and  Tech- 
niques, pp.  545-552  (September  1960). 
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Task  3b  - Laboratory  Demonstration  of  the  Application  of  Coupling  Theory 
to  TMq  Modes 

This  task  will  demonstrate  experimentally  TM^  mode  coupling 
theory,  similar  to  that  used  by  DuHamel  and  Duncan  and  will  also  result 
in  experimental  TM^  mode  couplers  for  use  in  Tasks  1,  2 and  3.^*^ 

This  task  will  also  result  in  the  evolution  of  the  TM^  mode  coupler 
design  technology. 

A proposed  breadboard  TM^  mode  coupler  is  illustrated  in  Figure 
C-7.  This  coupler  is  designed  in  accordance  with  the  principles  of 
DuHamel  and  Duncan.  It  differs  in  that  it  uses  a rectangular  image  line 
rather  than  a semicircular  image  line.  These  two  lines  being  roughly 
equivalent,  equivalent  results  are  expected.  The  coupling  efficiency  will 
be  measured  as  described  in  Appendix  D using  the  apparatus  of  Figure  C-1 
while  the  dimensions  h,  d,  a,  b and  w are  varied.  Efficiency  will  then 
be  plotted  as  a function  of  h/d  for  various  values  of  w at  experimental 
frequencies.  The  empirical  data  thus  accumulated  will  be  used  to  design 
the  experimental  and  prototype  couplers.  Experimental  values  of  efficiency 
obtained  by  DuHamel  for  a semicircular  image  line  are  illustrated  in 
Figure  C-8. 


2**  R.H.  DuHamel  and  J.W.  Duncan,  "Launching  Efficiency  of  Wires  and  Slots 
for  a Dielectric  Rod  Waveguide,"  IRE  Transactions  of  Microwave  Theory 
and  Techniques,  July  1958. 
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Taper  to  Full  Width 
Surface  Guide 


TM  mode  coupler 


b=l.ll  cm  c 


Figure  C-8.  Launching  efficiency  of  a vertical  wire  as 
a function  of  the  normalized  wire  length 


DuHamel  and  J.W.  Duncan,  "Launching  Efficiency  of  Wires  and  Slots 
for  a Dielectric  Rod  Waveguide,"  IRE  Transactions  of  Microwave  Theory 
and  Techniques,  July  1958. 
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APPENDIX  D 

SURFACE  WAVEGUIDE  MEASUREMENT  METHODS 


VALIDATION  OF  SURFACE  WAVEGUIDE  PERFORMANCE 


To  validate  the  theoretical  predictions  of  surface  waveguide 
theory,  the  following  parameters  will  be  measured  as  functions  of 
frequency  f,  slab  thickness  d,  dielectric  constant  ei,  and  loss  tangent 
tan6: 


• Guide  Wavelength  X 

• Phase  Constant 

• Attenuation  Constant  a 

• Internal  Eigenvalue  k 

• External  Eigenvalue 

• Power  Ratio  P^ 

• Injected  Power  P: 

in 


Measurements  will  be  performed  on  surface  waveguides  fabricated  from  the 
materials  listed  in  Table  D-1. 

TEST  APPARATUS  AND  DESCRIPTION  OF  EXPERIMENTS 


All  of  the  above  parameters  c.  . be  measured  with  the  test 
apparatus  illustrated  in  Figure  D-1. 


Measurement  of  Guide  Wavelength, 


X 


a 


The  guide  wavelength,  X^,  is  measured  in  the  following  manner 
for  different  values  of  slab  thickness,  source  frequency  and  material. 

a)  The  precision  probe  (Figure  D-1)  is  elevated  above 
the  surface  waveguide  so  that  it  has  a negligible 
effect  on  the  surface  wave. 

b)  A sliding  short  circuit,  or  any  large  slideable  reflec- 
tion, is  placed  at  the  end  of  the  surface  guide. 

c)  The  sliding  short  is  moved  until  minimum  power  is  received 

by  the  probe  as  indicated  on  the  receiver;  the  position 
of  the  short  is  measured  and  then  moved  until  another 
minimum  is  observed.  The  difference  between  the  two  posi- 
tions of  the  short  circuit  represents  one-half  the  guide 
wavelength. 
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TA3LE  0-1.  CANDIDATE 


(a) 


1 

Ultra-High  Molecular 
Weight  Polyethelene 
Erosion  Coat 

2 

Irradiated,  High- 
Density  Polyolefin 
Laminate  Polyguide 

3 

High  Quartz  Fiber 
Silicone  Resin  Lami- 
nate - Alphaquartz 

4 

Glass  Laminate 
Silicone  Resin 
Fiberglass 

5 

Alumina 

Aluminum  Oxide 

rERIALS  WITH  AND  WITHOUT  AN  ASTROCOAT 
EROSION  COAT 


(b) 

(c) 

With  12  Mil 
Polyurethane 
Erosion  Coat 

With  Alumina 
Erosion  Coat 

Wi  th  1 2 Mi  1 
Polyurethane 
Erosion  Coat 

With  Alumina 
Erosion  Coat 

With  12  Mil 
Polyurethane 
Erosion  Coat 

With  Alumina 
Erosion  .oat 

With  12  Mil 
Polyurethane 
Erosion  Coat 

With  Alumina 
Erosion  Coat 

— 

— 
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Figure  D-1.  Test  equipment  for  measuring  performance  of  surface  waveguides 


? • 


d)  As  a check,  the  short  can  remain  stationary  and  the 
probe  moved  to  measjre  the  difference  between  two 
mi ni mums . 


= difference  between  two  minimums 


Phase  Constant,  g 


Using  the  value  of  found  above. 


e = — 
* 


Measurement  of  External  Eigenvalue,  K (Decay  of  Field  with  x) 

^ ^ _ X 

A termination  is  placed  at  the  end  of  the  surface  waveguide. 

The  precision  probe  is  moved  in  the  x direction  (Figure  D-1 ) keeping 
the  power  received  by  the  microwave  receiver  at  a constant  level  by 
removing  attenuation  in  the  precision  attenuator  as  x is  increased. 

A plot  of  attenuator  reading  as  a function  of  x is  then  made,  is  illus- 
trated in  Figure  D-2.  As  shown  below,  this  should  be  a straight  line, 
the  slope  of  which  is  the  external  eigenvalue  K . This  is  shown  as 

X 

follows:  From  the  surface  mode  field  equations  A-1  to  A-18,  the  electric 

field  intensity  external  to  the  dielectric  decays  exponentially  with 
distance  x above  the  surface.  The  attenuation  in  the  x direction  is 
thus 


-K  (xp  - X,) 

(A2  - A^)  = 20  log^^e  ^ ^ ' 


(D-1) 


where  “ ^1  difference  in  the  attenuator  readings  and  X2  - x-j 

is  the  difference  in  elevation  of  the  probe,  or 

A2  - A^  = 8.686  K^(x2  - x^) 
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1 ^2  " 
8.686  ' Xo  - X, 


where 


^2  ' 

X2  - x^ 


is  the  slope  of  the  straight  line.  This  technique  will  render  accurate  meas- 
urements of  K since  it  depends  upon  several  or  many  measurements. 

A 


as 


where 


The  value  of  K is  also  obtainable  indirectly  from  Equation  A-18 

X 


K„  = 


K2 


8 = 


2ir 


X = guide  wavelength 

a 


2 “ 

0 


X = ^ 
^0  f 


free  space  wavelength 


This  method  of  determining  K is  simple,  but  not  as  accurate  as  the  above 

A 

method.  It  should  be  used  only  as  a check. 

k2  is  accurately  determined  since  it  is,  in  this  case,  the  phase 
constant  of  a plane  wave  in  free  space. 

Measurement  of  Internal  Eigenvalue,  k^ 

A direct  measurement  of  this  value  would  be  very  difficult  since 
it  would  require  probing  the  dielectric.  It  can  be  measured  indirectly  from 
measurement  of  the  external  Eigenvalue,  K , and  a measurement  of  the  dielec- 

X 

trie  constant  of  the  dielectric  slab,  e^,  using  Equations  A-17  and  A-18. 


k - — 


2n 
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where:  Gj  = relative  dielectric  constant  of  the  dielectric,  measured 

elsewhere 

= y = free  space  wavelength 

K is  measured  directly  according  to  instructions  above. 

A 


Measurement  of  the  Attenuation  Constant 

Two  independent  techniques  are  contemplated  for  measuring  the 
attenuation  characteristics  of  the  surface  waveguide. 

The  first  method  (Ginzton,  Reference  22,  page  469,  and  Cohn,  Refer- 
ence 21),  well  suited  to  attenuation  measurements  on  surface  waveguide,  is 
"the  variable  length  transmission  cavity  technique".  The  cavity  is  formed 
by  two  noncontacting  short  circuits  placed  on  the  surface  of  the  guide.  The 
short  nearest  the  generator  is  maintained  at  a fixed  position  and  the  short 
on  the  probe  side  adjusted  to  a resonant  position, as  indicated  by  a rise  in 
the  output  of  the  probe  detector  on  the  load  side  of  the  cavity.  The  micro- 
wave  source  is  then  swept  in  frequency, and  the  output  waveform  is  displayed  on 
an  oscilloscope.  The  Q of  the  cavity  is  determined  from  the  3 dB  bandwidth. 

The  output  short  is  then  moved  to  another  position  where  the  output  is  again 
maximized  and  the  Q measured  again  at  the  new  frequency.  This  procedure  can  be 
repeated  as  many  times  as  desired.  A plot  is  then  made  of  1/Q  versus  1/L,  which 
should  result  in  a straight  line.  Extrapolating  tne  straight  line  to  the 
point  1/L  = 0 produces  an  intercept  on  the  1/Q  axis,  whose  value  is  given  by: 


E.L.  Ginzton,  Microwave  Measurements,  New  York:  McGraw-Hill,  1957. 

Cohn,  Cassedy  and  Kott,  "TE  Mode  Excitation  on  Dielectric  Loaded  Parallel 
Plane  and  Trough  Waveguides,"  IRE  Transactions  on  Microwave  Theory  and 
Techniques,  pp.  545-552  (Septeberm  I960). 
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Solving  for  a yields 


ir 


where 


Xg  = surface  guide  wavelength  (measured  above) 
X-|  = plane  wavelength  in  dielectric  medium 


f /e~ 

1 1 

Cj  = dielectric  constant  of  slab 
1/Q^  = value  of  1/Q  at  intercept 
a =' attenuation  constant 


Alternate  Method  for  the  Measurement  of  Attenuation  Constant 

In  this  method,  the  surface  guide  is  terminated  in  a short  circuit 
and  the  input  vswr,  r,  is  measured  with  the  probe.  The  attenuation,  A,  be- 
tween the  point  of  measurement  and  the  short  circuit  terminating  the  line  is 
given  by  the  following  equations. 


r = voltage  reflection  coefficient 
r = standing  wave  ratio 
A = attenuation  between  1 and  2 in  dB 
D = distance  between  1 and  2 in  inches 
a = attenuation  constant  dB/inch 
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r - 1 
r + 1 


The  equation  for  the  return  loss,  L^,  is 
= 10  logr^  = 2A 

V = 10  109(f^)"  “ 

or,  for  attenuation, 

A = 10  log  (f^) 

The  attenuation  constant  is 

A 

a = p-  dB/inch 

where  D is  the  distance  between  the  point  of  measurement  of  the  vswr  and  the 
short  circuit. 

Measurement  of  Complex  Dielectric  Constant  e = e'  + .je"  by  the  Network 
Approach 

The  dielectric  material,  e.g.,  ice  or  other  material,  is  made 
to  completely  fill  a section  of  waveguide  as  illustrated  in  Figure  D-3a  and 
b.  The  equipment  required  is  illustrated  in  Figure  D-4a  and  b. 

Measurement  of  the  Real  Part  of  the  Complex  Dielectric  Constant. 

The  waveguicfe  containing  the  dielectric  sample  is  terminated  in 
a matched  load.  The  procedure  is  as  follows:  The  polar  display  (Figure 
D-4)  is  calibrated  by  placing  a short  circuit  on  terminal  1 (Figure  D-4a) 
and  adjusting  the  dot  or  the  cluster  appearing  on  the  polar  display  to 
r = -le”^  . The  short  circuit  is  then  removed  and  replaced  by  the 

terminated  dielectric  sample.  The  value  of  the  reflection  coefficient 
r or  vswr,  r,  is  then  read  directly  from  the  display. 

The  real  part  of  the  complex  dielectric  constant  is 
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(b) 
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< tOjET  ^ 
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SPUTTER  ± 
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7 ^ ^0  <10 I (_d 

^ X 

ADO  WAVEGUIDE  HERE 
TO  BALANCE  FOR 
TRANSMISSION 
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“^’Tio  5b 

ADAPTER  (J3 


4 


TEST 


TO  NETWORK 
ANALYZER 

ADAPTERRiREF 


Figure  D-4. 


Apparatus  for  measuring 


the  complex  dielectric  constant 
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Measurement  of  Imaginary  Part  of  Conplex  Dielectric  Constant?^ 

In  this  technique  the  waveguide  containing  the  sample  is  terminated 
in  a precision  sliding  short  circuit.  The  short  circuit  is  moved  through  a 
series  of  points  separated  by  some  fraction  of  a guided  wavelength.  The 
trace  on  the  polar  display  (Figure  D-4)  will  describe  a circle,  the  radius 
"R"  of  which  is  measured.  The  distance  of  the  center  of  the  circle  from 
the  center  of  the  polar  display,  p,  is  also  measured;  then  e"  is  calculated 
as  follows:  (d  is  defined  in  Figure  D-4) 

2ad  = inV-O-li)---  ~ 

V(i  + R)^  - / - Vo  - 


Knowing  e‘,  the  desired  e"  is  then  obtained  from  either 

(TEM  modes). 


aX 


where  X is  the  free-space  wavelength  or 


e"  = 


91 


1 + 

' og^  c ' J ^ oq^  c^ 


1 + ix/xV 
og  C 


(H  modes) 


Measurement  of  Injected  Microwave  Power 

I'ieasurement  of  microwave  power  injected  into  the  surface  waveguide 
requires  a knowledge  of  the  coupling  efficiency  of  the  surface  waveguide 
coupler  used.  The  design  of  optimum  couplers  is  the  subject  of  Phase  III, 
so  that  couplers  of  optimum  design  may  not  be  available  for  feasibility 
experiments.  While  couplers  used  in  feasibility  experiments  may  be  less 
than  optimum,  they  will,  in  the  worst  case,  always  be  better  than  50% 
efficient.  The  exact  coupling  of  any  coupler  used  in  feasibility  experiments 


Charles  B.  Sharpe,  "A  Graphical  Method  for  Measuring  Dielectric  Con- 
stants at  Microwave  Frequencies,"  IRE  Transactions  on  Microwave  Theory  and 
Techniques,  pp.  155-159  (March  1 960)“.“  
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will  be  measured  (calibrated)  using  the  technique  described  by  Cohn 
(see  Reference  21 ).  The  power  injected  into  the  surface  guide  is  then: 


( 


i 

I 


P.  = 
in 


Pa" 


where 

= power  injected  into  surface  wave 

P = available  power  at  input  to  coupler 

d 

n = coupling  efficiency 

Measurement  of  Coupling  Efficiency?^  Referring  to  Figure  D-1 , 
a matched  load  (termination)  is  placed  on  the  surface  waveguide.  The 
tuner  at  the  input  to  the  input  launcher  is  adjusted  for  a match,  which 
would  be  indicated  on  the  polar  display.  The  termination  is  then 
replaced  by  a sliding  short  circuit  which  produces  a standing  wave  on 
the  input  line  to  the  launcher,  the  magnitude  of  which  is  displayed  on 
the  polar  display.  As  the  short  is  moved  in  the  z direction,  the  standing 
wave  will  go  through  successive  maximums  and  mini  mums.  The  coupling 
efficiency  is  then  calculated  as  follows: 


where 


n = 


^^max  ~ ^^^*^min 

Tf  r~i 
' max  mm 


1) 

rr 


r = maximum  standing  wave  ratio 
max 

r . = minimum  standing  wave  ratio 

mm 

n = coupling  efficiency 


Cohn,  Cassedy  and  Kott,  "TE  Mode  Excitation  on  Dielectric  Loaded 
Parallel  Plane  and  Trough  Waveguides,"  IRE  Transactions  on  Microwave 
Theory  and  Techniques,  pp.  545-552. 
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Measurement  of  Power  Injected  into  Surface  Wave.  Re fe r ri ng 
to  Figure  D-1  with  a matched  load  (termination)  placed  on  the  surface 
waveguide,  the  power  entering  the  launcher  is  measured  with  the  power 
meter  and  precision  directional  coupler.  The  power  injected  into  the 
surface  guide  is  then  computed  as  follows: 


where 

= power  injected  into  surface  wave 
P,  = power  measured  entering  launcher 

a 

n = measured  coupling  efficiency 
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APPENDIX  E 

THEORY  OF  RAIN  EROSION  OF  HOMOGENEOUS  AND  COATED  MATERIALS 


In  this  section,  a description  of  the  analytic  model  of  rain 
erosion  developed  by  Springer  is  presented.^^’ Included  are  the 
equations  used  to  compute  the  incubation  time,  erosion  rate,  substrate 
stress,  and  total  time  required  to  erode  through  a coating  of  prescribed 
thickness.  These  expressons,  which  were  designed  to  agree  with  existing 
experimental  data,  can  be  used  to  predict  the  erosion  behaviors  of  various 
coating-substrate  corrbinations  under  untested  conditions. 

When  a surface  is  repeatedly  bombarded  fay  water  droplets,  the 
erosion  process  does  not  usually  begin  until  a time  interval  called  the 
incubation  tine  has  passed.  Thereafter,  mass  loss  proceeds  at  a nearly 
constant  rate.  By  selecting  a surface  coating  with  the  proper  physical 
characteristics,  one  can  reduce  the  stresses  transmitted  to  the  substrate 
and  have  a long  incubation  time  and  low  erosion  rate. 

When  a water  droplet  impinges  on  a surface  (see  Figure  E-1), 
it  immediately  produces  the  water-hammer  impact  pressure 

0.3047  Z Z,  V cose  . 

W (E-1) 

c L 

where  V cose  is  the  normal  component  of  the  impact  velocity,  and  Z^  and 
are  the  impedances  of  the  coating  and  the  water,  respectively. 

Impedance  is  defined  as  the  product  of  the  material's  density  and  the 
speed  of  sound. 

During  the  residence  time  of  a droplet,  the  stress  wave  pattern 
shown  in  Figure  E-2  is  formed.  The  original  impact  pressure  pulse,  , 

G.S.  Springer,  et  al . , "Analysis  of  Rain  Erosion  of  Coated  Materials," 
Technical  Report  AFML-TR-73-227,  September  1973  (DDC  No.  AD  769448). 

G.S.  Springer,  et  al.,  "Analysis  of  Rain  Erosion  of  Coated  and  Uncoated 
Fiber  Reinforced  Composite  Materials,"  Technical  Report  AFML-TR-74-180, 
August  1974  (DDC  No.  ADA001086). 


G.S.  Springer,  Erosion  by  Liquid  Impact,  Manuscript  for  book  to  be 
published  in  1976. 


is  transmitted  as  one  wave  into  the  coating  and  as  another  wave  into  the 
droplet.  At  the  coating-substrate  interface  where  there  is  a change  in 
impedance,  part  of  the  advancing  wave  is  transmitted  and  part  is  reflected. 
As  the  reflection  process  within  the  coating  continues,  the  stress  at 
the  coating-substrate  interface  approaches  the  stress  that  would  have 
been  produced  at  the  substrate  surface  by  liquid  impact  in  the  absence  of 
a protective  coating.  In  most  cases,  however,  the  residence  time  of  the 
droplet  is  sufficiently  short  to  cut  off  the  wave  pattern  before  is 
reached. 

The  stress  measured  at  the  coating-substrate  surface  varies  with 
time,  and  the  particular  distribution  depends  on  the  relative  impedance  of 
the  coating  and  substrate  in  relation  to  that  of  v/ater.  Four  cases  are  pos 
sible,  as  indicated  in  Figure  E-3,  where  the  variation  of  substrate  surface 
stress  with  time  is  shown.  In  Cases  I and  II,  the  coating  reduces  the  sub- 
strate stresses  below  o , but  in  Cases  III  and  IV, the  coating  increases  the 
stress  at  the  substrate  surface  to  values  above  a . In  the  selection  of  ma 

CO 

terial  for  a coating,  the  impedance  of  the  coating  should  place  it  in  Case 
I or  II  for  the  effective  protection  of  the  substrate. 


The  impact  pressure  on  the  substrate  without  the  coating  is: 

1 + t|) 

TV-  I 

(E-2) 


'^sc 


1 - it  ii), 

^scTc 


'1 


and  the  average  stress  at  the  coating  surface  is 

o+tjch 


"A  ° 1 - 


sc^Lc 


/ 1 + il< 

^ " ^^sc  I 1 + Ij) 


Lc\m  - exp(-v) 
sc  / \ ^ 


where: 


^ ■ C,  H 


'z  + Z|  ' 

r 2z^  -| 

s L 

c 

Z + Z| 

L s cj 

L c L_ 

'^sc 


'Lc 


(E-3) 

(E-4) 

(E-5) 

(E-6) 


The  quantity  d is  the  droplet  diameter,  H is  the  coating  thickness, and  C^ 
and  Cj^  are  the  sound  speeds  in  the  coating  and  liquid,  respectively. 
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TABLE  OF  SYMBOLS  FOR  APPENDIX  E 


Altitude  (Km) 

Coating  speed  of  sound  (m/sec) 

Substrate  speed  of  sound  (m/sec) 

Erosion  rate  (mm/sec) 

Erosion  rate  with  droplet  impact  normal  to  the  surface 
(mm/sec) 

Coating  thickness  (in) 

Rainfall  rate  (mm/hr) 

Ultimate  tensile  strength  of  coating  (KN/m  ) 

Time  required  to  erode  coating  (min) 

Total  time  to  erode  coating  from  initial  droplet  impact 
(min) 

Incubation  time  (rnin) 

Impingement  velocity  (ft/sec) 

2 

Impedance  of  coating  (Kg/m  -sec) 

O 

Impedance  of  water  (Kg/m  -sec) 

Impingement  angle  (deg) 

Poisson's  ratio  for  coating 
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TABLE  OF  SYMBOLS  FOR  APPENDIX  E 
(con  tinned ) 

2 

Coating  density  (g/sec  ) 

•^S 

2 

Substrate  density  (g/m  ) 

2 

Average  stress  at  coating  surface  (N/m  ) 

■ 

O-j 

2 

Water  haitmer  impact  pressure  (N/m  ) 

i. 

a 

00 

2 

Substrate  impact  pressure  without  coating  (N/m  ) 

i 
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APPENDIX  F 

COMPUTER  PLOTS  OF  NORMALIZED  POWER  DENSITY 
VERSUS  POSITION  NORMAL  TO  DIELECTRIC  PLANE  FOR  DIFFERENT  MODES 


(All  plots  are  labeled  and  appear  in  the  following  sequence) 
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-1-  L 

Figure  F-4 


ilormalized  power  density  (y-coordinate)  versus 
vertical  position  (x-coordinate)  for  Tfl  even 
mode.  Cl  =3.0,  C2  = 1 .0 
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Figure  F-5.  normalized  power  density  (y-coordinate)  versus 
vertical  position  (x-coordinate)  for  Tfl  even 
mode,  ex  “ ^2  = 1-0 
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Figure  F-12.  Normalized  power  density  (y-coordinate)  versus 
vertical  position  (x-coordinate)  for  TE  odd 
mode,  Gi  = 3.0 
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Figure  F-13.  Iloriralized  power  density  (y-coordinate)  versus 
vertical  position  (x-coordinate)  for  TE  odd 
mode,  ei  = 3.0 


Figure  F--17.  Normalized  power  density  (y-coordinate)  versus 
vertical  position  (x-coordinate)  for  TE  odd 
mode,  ei  = 9.0 
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Figure  F-18.  Normalized  power  density  (y- coordinate)  versus 
vertical  position  (x-coordinate)  for  TE  odd 
mode,  (]  = 9.0,  = 3.0 
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Figure  F-23.  Normalized  power  density  (y-coordinate)  versus 
vertical  position  (x-coordinate)  for  TE  odd 
mode,  ci=  9.0,  £2  ~ 
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APPENDIX  6 

ABSTRACTS  OF  LITERATURE  ON  SURFACE  WAVEGUIDE  COUPLING  TECHNIQUES 


PHASE  III  - COUPLING 

Six  papers  describing  surface  wave  launching  experiments  have 
been  studied.  All  of  these  papers  report  the  achievement  of  moderate 
to  high  coupling  efficiences.  The  following  are  excerpts  from  these 
papers . 

THE  EXCITATION  OF  PLANE  SURFACE  WAVES^^ 

"It  is  shown  that  a surface  wave  will  be  generated  by  a ho. izontal 
slot  situated  above  a corrugated  or  dielectric-coated  guiding  surface." 

"The  problem  of  efficient  launching  is  discussed,  and  it  is  shown 
that  under  suitable  conditions  a high  launching  efficiency  is  possible. 

Some  of  the  theoretical  predictions  have  been  verified  experimentally." 

Figure  G-la  illustrates  the  theoretical  efficiency  calculated  by 
Cullen.  Figure  G-lb  illustrates  Cullen's  experimental  apparatus  and  Figure 
G-lc  illustrates  the  relationship  of  the  slot  relative  to  the  coated  sur- 
face waveguide. 

Cullen  reports  that:  "With  the  reactive  surface  in  position, 

It  was  soon  discovered  that,  in  accordance  with  theory,  a field  distribution 
resembling  a surface  wave  was  found  only  if  the  launching  slot  was  fairly 
close  to  the  reactive  surface"' (surface  guide).  One  of  Cullen's  conclu- 
sions is  that:  "It  has  been  shown  that  a high  launching  efficiency  for  slot 

excitation  of  surface  waves  is  possible  if  the  slit  height  is  properly 
chosen." 


^^A.L.  Cullen,  "The  Excitation  of  Plane  Surface  Waves,"  Proceedings  of 
the  lEE  (London),  Vol . 101,  part  IV,  pp,  224-234  (February  15,  1954). 
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THE  LAUNCHING  OF  A PLANE  SURFACE  WAVE 


20 

"The  subject  of  this  paper  is  a theoretical  and  experimental 
investigation  of  surface-wave  propagation  over  a plane  conductor  with 
dielectric  coating.  Special  reference  is  made  to  the  problem  of  launching 
such  a wave."  "...  eventually  a launcher  of  moderate  efficiency  was 
found." 

Some  conclusions  drawn  by  Rich:  "It  was  found  to  be  relatively 

easy  to  excite  a surface  wave,  almost  any  launching  device  would  do  that." 
"The  efficient  excitation  of  the  surface  wave  was  more  difficult,  but  50% 
efficiency  of  the  double  cheese  launcher,  which  v/as  designed  on  purely 
empirical  considerations,  provided  a surface  wave  field  of  sufficient 
purity  to  enable  more  systematic  investigations  to  be  undertaken.  It 
is  found  that,  in  theory,  it  is  possible  to  get  launching  efficiencies 
of  nearly  100%  from  apertures  of  no  more  than  2X  in  extent." 

TE  MODE  EXCITATION  ON  DIELECTRIC  LOADED  PARALLEL  PLANE  AND  TROUGH  HAVE- 
GUIDES21 

"A  theoretical  and  experimental  study  of  the  launching  of  TE 
surface  wave  modes  on  dielectric  loaded  parallel  plane  and  trough  wave- 
guides has  been  performed.  The  source  is  a linear  transverse  current 
filament  perpendicular  to  and  extending  across  the  space  between  the 
parallel  side  walls.  Families  of  curves  are  presented,  which  show  the 
bidirectional  launching  efficiencies  for  the  dominant  TE  modes  of  these 
two  transmission  lines  as  a function  of  dielectric  constant,  dielectric 
slab  thickness,  and  current  filament  location.  Measured  bidirectional 
efficiencies  are  compared  to  the  theoretically  predicted  values.  Measured 
unidirectional  launching  efficiencies  as  high  as  97  percent  were  obtained 
for  the  case  where  a short  circuit  is  located  on  one  side  of  the  current 


G.J.  Rich,  "The  Launching  of  a Plane  Surface  Wave,"  Proceedings  of 
the  lEE  (London),  Vol . 102,  part  B,  pp.  237-246  (March  1955")’^ 

Cohn,  Cassedy  and  Kott,  "TE  Mode  Excitation  on  Dielectric  Loaded 
Parallel  Plane  and  Trough  Waveguides,"  IRE  Transactions  on  Microwave 
Theory  and  Techniques,  pp.  545-552  (September  1960) . 
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Figure  G-1 . The  Excitation  of  Plane  Surface  Waves^^ 


^^A.L.  Cullen,  "The  Excitation  of  Plane  Surface  Waves,"  Proceedings,  of 
the  lEE  (London),  Vol . 101,  part  IV,  pp. 224-234  (February  15,  1954). 


filament."  Computer  generated  plots  using  Cohn's  technique  are  presented 
in  Figures  G-2  through  G-6  for  dielectric  constants  from  2.0  to  8.8. 

A computer  program  using  the  analytical  tools  of  Cohn  was 
written  to  predict  the  bidirectional  efficiency  of  TE-j  mode  couplers 
to  surface  guides  as  a function  of  the  guide  thickness  d,  the  dielectric 
constant  e^,  and  the  height  of  the  probe  above  the  dielectric.^^  Com- 
puter generated  plots  of  coupling  efficiency  are  presented  in  Figures  G-2 
through  G-6  over  the  following  range  of  parameters: 

2.0  < Cj  < 8-8 

1.0  < h/d  < 1.5 

.3  < Y < '••0 

The  plots  corroborate  Cohn's  original  plots  made  fifteen  years  ago  without 
the  aid  of  the  digital  computer,  and  extend  them  to  include  dielectric 
constants  of  more  interest  to  microwave  deicing.  The  experimental  efficiency 
data  obtained  by  Cohn  is  plotted  on  graphs  of  theoretical  predictions  for 
= 2.56  (Figure  50} to  illustrate  the  good  agreement  between  theory  and 
experiment.  No  equivalent  analytical  technique  for  predicting  TM  mode 
coupling  has  been  identified. 

THE  EFFICIENCY  OF  EXCITATION  OF  A SURFACE  WAVE  ON  A DIELECTRIC  CYLINDER 

"This  paper  presents  a thoeretical  and  experimental  study  of  the 
excitation  of  the  lowest  order  TM  surface  wave  on  an  infinite  dielectric 
cylinder." 

"A  (magnetic  current)  filament  0.83  wavelength  in  diameter 
will  launch  the  TM  mode  with  an  efficiency  of  95  percent."  "The 


^^Cohn,  Cassedy  and  Kott,  "TE  Mode  Excitation  on  Dielectric  Loaded 
Parallel  Plane  and  Trough  Waveguides,"  IRE  Transactions  on  Microwave 
Theory  and  Techniques,  pp.  545-552  (September  ‘I960).  ” 

23J.W.  Duncan,  "The  Efficiency  of  Excitation  of  a Surface  Wave  on  a 
Dielectric  Cylinder,"  IRE  Transactions  on  Microwave  Theory  and  Tech- 
niques. pp.  257-268  (April  1959). 
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Figure  G-2.  Computer- generated  plots  of  bidirectional  efficiency 
as  a function  of  dielectric  slab  thickness  for  various  values 
of  current  filament  location 
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Figure  G-3.  Computer- generated  plots  of  bidirectional  efficiency 
as  a function  of  dielectric  slab  thickness  for  various  values 
of  current  filament  location 


265 


taijarchingri^ 


Figure  G-4.  Computer-generated  plots  of  bidirectional  efficiency 
as  a function  of  dielectric  slab  thickness  for  various  values 
of  current  filament  location 
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Figure  G-5.  Computer-generated  plots  of  bidirectional  efficiency 
a function  of  dielectric  slab  thickness  for  various  values 
of  current  filament  location 
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Figure  G-6.  Computer-generated  plots  of  bidirectional  efficiency 
as  a function  of  dielectric  slab  thickness  for  various  values 
of  current  filament  location 
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experimental  measurements  verify  the  theoretical  analysis.  In  addition,  it 

was  found  that -slot  launching  efficiency  was  essentially  independent  of 
ground  plane  dimensions."  Excerpts  from  Reference  23  comparing  theoretical 
and  experimental  efficiency  are  presented  in  Figure  G-7. 

It  should  be  pointed  out  that  Duncan's  experiments  were  for  a 
dielectric  cylinder  as  opposed  to  a flat  surface.  Similar  fields  exist 
in  both  types  of  surface  waveguides  and  it  is  believed  that  experimental 
results  will  be  similar. 

LAUNCHING  EFFICIENCY  OF  WIRES  AND  SLOTS  FOR  A DIELECTRIC  ROD  WAVEGUIDE^*' 

"This  paper  describes  an  experimental  investigation  of  surface 
wave  launching  efficiency.  Wires,  rings  and  slots  are  considered  as 
exciters  of  the  HE-j^  mode  on  a dielectric  rod  image  line.  A formula  is 
derived  which  relates  the  efficiency  of  a launcher  to  its  impedance  as  a 
scatterer  on  the  surface  waveguide.  Efficiency  is  obtained  by  using  this 
formula  and  also  by  applying  Deschamps'  method  for  determining  the  scatter- 
ing matrix  coefficients  of  a two-port  junction.  Graphs  are  presented 
which  illustrate  the  variation  of  efficiency  with  the  dimensions  of  the 
launchers  and  with  the  parameter  ^g/^»  the  ratio  of  the  guide  wavelength 
to  the  free  space  wavelength," 

Again  it  should  be  pointed  out  that  this  paper  deals  with  dielec- 
tric rod  image  line  as  opposed  to’ a flat  surface.  As  can  be  verified  from 
the  field  equations,  these  surface  waveguides  are  sufficiently  similar  to 
dielectric  slab  lines  to  yield  similar  experimental  results. Excerpts 
from  DuHamel  and  Duncan  are  included  in  Figures  G-8,  G-9  and  G-10. 

^ R.  Collin,  Field  Theory  of  Guided  Waves,  New  York:  McGraw-Hill,  1960. 

2 Ramo,  Whinnery  and  Van  Duzer,  Fields  and  Waves  in  Communication  Elec- 
tronics, New  York:  John  Wiley  & Sons,  1965. 

23J.W.  Duncan,  "The  Efficiency  of  Excitation  of  a Surface  Wave  on  a 
Dielectric  Cylinder,"  IRE  Transactions  on  Microwave  Theory  and  Techniques, 
pp.  257-268>  April  1959. 

^‘'R.H.  DuHamel  and  J.W.  Duncan,  "Launching  Efficiency  of  Wires  and  Slots 
for  a Dielectric  Rod  Waveguide,"  IRE  Transactions  of  Microwave  Theory 
and  Techniques,  July  1958. 
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Figure  6-7.  Comparing  Theoretical  and  Me«-sured  Excitation  Efficiency^^ 


23  o.W.  Duncan,  "The  Efficiency  of  Excitation  of  a Surface  Wave  on  a 
Dielectric  Cylinder,"  IRE  Transactions  on  Microwave  Theory  and  Techniques 
pp.  257-268  (April  1959). 
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Figure  G-8.  Excerpts  from  "Launching  Efficiency  of  Wires  and 
Slots  foi^  » Dielectric  Rod  Waveguide"^** 


2**  R.H.  DuHamel  and  J.W.  Duncan,  "Launching  Efficiency  of  Wires  and  Slots 
for  a Dielectric  Rod  Waveguide,"  IRE  Transactions  of  Microwave  Theory  and 
Techniques,  July  1958. 
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Launching  efficiency  of  a vertical 
wire  as  a function  of  the  normalized 
wire  length. 


Launching  efficiency  of  a ring  as  a 
function  of  the  normalized  ring 
radius. 


Launching  efficiency  of  an  annular 
slot  as  a function  of  the  normal- 
ized slot  radius. 


Launching  efficiency  of  a horizontal 
slot  as  a function  of  the  normalized 
slot  length. 


Figure  6-9.  Excerpts  from  "Launching  Efficiency  of  Wires  and 
Slots  for  a Dielectric  Ited  Waveguide"  2'* 


R.H.  DuHamel  and  J.W.  Duncan,  "Launching  Efficiency  of  Hires  and  Slots 
for  a Dielectric  Rod  Waveguide,"  IRE  Transactions  of  Microwave  Theory  and 
Techniques,  July  195B. 
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Launching  efficiency  of  a resonant 
horizontal  slot  as  a function  of 
the  nonnalized  slot  height. 


Launching  efficiency  of  a resonant 
launcher  as  a function  of  the  parame 
ter  X /X. 


Launching  efficiency  of  a ring  exciter  as  a 
function  of  xhe  normalized  reflecting  plate 
radius. 

Figure  G-10.  Excerpts  from  "Launcliing  Efficiency  of  Wires  and 
Slots  for  a Dielectric  Rod  Waveguide"^'+ 


R.G.  DuHamel  and  O.W.  Duncan,  "Launching  Efficiency  of  Wires  and  Slots 
for  a Dielectric  Rod  Waveguide,"  IRE  Transactions  of  Microwave  Theory,  and 
Techniques,  July  1958. 
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THE  EXCITMION  OF  SURFACE  WAVEGUIDES  AND  RADIATING  SLOTS  BY  STRIP-CIRCUIl 

mNSfraroKLMr  25 


"A  variety  of  methods  for  coupling  between  a shielded  strip- 
circuit  transmission  line,  operating  in  the  TEM  coaxial  mode,  and  a sur- 
face waveguide  have  been  investigated.  The  arrangements  include  phased 
dipole  arrays,  series  ground-plane  slots  and  longitudinal  slot  excited 
probes.  Impedance  and  matching  conditions  for  each  are  discussed  together 
with  their  relative  efficiency  and  bandwidth.  In  the  case  of  a single 
radiating  slot,  measurements  on  the  effective  equivalent  circuit  have  been 
made  as  a function  of  the  orientation  angle  of  the  slot  with  respect  to 
the  axis  of  the  strip-line  guide.  Slots  used  ranged  in  length  from  0.3 
to  0.6  Xg,  having  length/width  ratios  from  5 to  16". 

Frost  does  not  measure  efficiency  directly.  Further  study  of 
Frost  is  required  to  determine  the  effectiveness  of  his  methods  of 
coupling.  Frost's  illustrations  of  his  coupling  techniques  are  in 
Figures  G-11  and  G-12. 


A.D.  Frost  and  C.R.  McGeoch  and  C.R.  Mingins,  "The  Excitation  of  Sur- 
face Waveguides  and  Radiating  Slots  by  Strip-Circuit  Transmission  Lines," 
IRE  Transactions  on  Microwave  Theory  and  Techniques,  October  1956. 
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Transverse  slot  in  equivalent  strip-line  guide  with 
midplane  equivalent  circuit  representation. 
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Sectional  view  through  dielectric  guide  showing  single 
single  dipole  coupling  method. 


Figure  G-11.  Excerpts  from  "The  ExciUtion  of  Surface  Waveguides 
and  Radiating  Slots  by  Strip-Circuit  Transmission  Lines"  ^5 


Frost,  C.R.  fWeoch  and  C.R.  Wngins,  "The  Excitation  of  Surface 
Waveguides  and  Radiating  Slots  by  Strip-Circuit  Transmission  Lines," 

IRE  Transactions  on  Microwave  Theory  and  Techniques.  October  1965. 
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Sectional  view  through  dielectric  guide  showing  slot-probe 
coupling  method  and  associated  strip-line  center  conductor. 
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Sectional  view  through  dielectric  guide  showing  plane  dipole 
array  coupling  method  and  associated  strip-line  center  conductor. 

Figure  G-12.  Excerpts  from  "The  Excitition  of  Surface  Waveguides 
and  Radiating  Slots  by  Strip-Circuit  Transmission  Lines" 


25  A. D.  Frost,  C.R.  McGeoch  and  C.R,  Mingins,  "The  Excitation  of  Surface 
Waveguides  and  Radiating  Slots  by  Strip-Circuit  Transmission  Lines," 


iKb  iransacuons  on  mcrowave  ineory  and  Techniques,  October  1965. 
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APPENDIX  H 

BRIEF.  INTRODUCTION  TO  THE  PHYSICS  OF  DIELECTRIC  HEATING 


Dielectric  media  such  as  ice  and  water  are  composed  of  highly 
polar  molecules.  In  the  presence  of  an  applied  electric  field  these 
molecules  will  rotate  to  align  their  axis  of  polarization  with  that  of  the 
applied  field.  If  the  applied  field  is  alternating,  the  polarized 
molecules  will  attempt  to  follow  the  field  by  alternately  rotating  in 
synchronism  with  it.  If  the  alternating  frequency  is  low,  the  molecules 
have  sufficient  time  to  orient  themselves  in  almost  perfect  alignment 
with  the  applied  field.  As  the  frequency  is  raised  to  the  microwave 
band,  the  rotary  motion  of  the  molecules  is  not  sufficiently  rapid,  due 
to  viscous  friction,  to  orient  themselves  in  perfect  alignment  with  the 
applied  field,  and  energy  is  withdrawn  from  the  applied  field  to  overcome 
the  friction  which  appears  as  heat.  The  direction  of  orientation  of  the 
molp^ules  thus  lags  in  time  behind  the  applied  field  giving  rise  to  an 
out  OT  phase  component. 

Derivation  of  Loss  Equation 

If  the  applied  microwave  field  is 

E = E-|  sin  (at 

the  displacement  current  is 

^d  " dt  " ^ dt 
i ^ = etoE-i  cos  (lit 

If  there  were  no  loss  in  the  dielectric,  the  displacement  current  would  be 
in  quadrature  with  the  applied  electric  field,  but,  due  to  viscous  friction, 
(requiring  the  dissipation  of  energy)  the  displacement  current  will  not  be 
exactly  in  quadrature  with  the  applied  field  as  illustrated  below 


The  displacement  cur^'ent  may  be  thought  to  be  composed  of  a quadrature 
component  and  an  in-phase  component.  The  dielectric  constant  may  be 
defined  as  a complex  quantity 

e = e'  + je" 


and  the  ratio  of  the  imaginary  part  to  the  real  part  may  be  defined  as 
the  loss  tangent 


tan6  = 

e 


The  power  dissipated  in  the  dielectric  per  unit  volume  is  from  the  above 
diagram 


W 


d 


o)e'tan6 


where  o = a)e'tan6  = conductivity  of  dielectric 
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